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1 Introduction

The climate change has emerged to be an omnipresent challenge today. Following an era
characterised by a relentless demand of energy — fossil fuels in particular — the climate
change is not just the severe consequence of the industrialised world, but a major chal-
lenge for our society today and especially for engineers. Civil engineering’s basic task is
enabling modern human life. This implies a superior influence on the environment and
therefore a key role opposing the climate crisis. The targeted abandonment from primarily
fossil towards renewable energy sources is one of the major tasks for today’s engineers.
Electric power produced in wind farms is expected to provide a substantial share of the
future energy mix. In order to achieve this milestone towards carbon neutral energy sup-
ply, numerous offshore wind farms have to be commissioned in the future.

The German sector of the North Sea, for example, has been subjected to reasonable devel-
opment activity in the past two decades. However, further developments imply additional
challenges, i.e. increasing water depth and soil characteristics changing from predomi-
nately dense sand towards layered soil profiles. This is a particular challenge for the design
of foundation systems for offshore wind turbines because these structures differ consider-
ably from platforms that were installed for oil and gas productions.

Figure 1.1a demonstrates the dimensions of the Troll A platform. The Troll A support
structure is still the largest single object that has ever been moved and installed offshore.
This massive concrete structure supports one of the largest platforms servicing as a gas
producing facility at the Norwegian North Sea. Another remarkable mile stone in offshore
engineering is the Draupner E platform, which is also located in the Norwegian North
Sea. This platform withstood one of the largest waves that was ever detected by mea-
suring equipment: The Draupner E platform survived the impact of a 25.7m high wave
without damage despite the occurrence of tensile loads that exceeded the original design
parameters (Hansteen et al., 2003). Both platforms are not just important because they
are an integral part of Europe’s gas supply, but their history contains lessons for the fu-
ture: The Troll A and the Draupner E are based on suction caisson foundations, which
are a suitable technology for many future offshore wind farm developments (Tjelta, 2015).
Furthermore, the monster wave example showed the capability of this technology. How-
ever, the comparison between the massive Toll A and the offshore wind turbine shown in
Figure 1.1b demonstrates substantial differences: Offshore wind turbines are significantly
smaller, lighter and the centre of gravity is located at a relatively high altitude due to
the nacelle and rotor position compared to the gas platform with its massive underwater
support structure and storage tanks.
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Figure 1.1: Suction caisson supported platform Troll A (a) and offshore wind turbine (b).

Hence, the technology transfer that started almost two decades ago (Byrne et al., 2002;
Ibsen et al., 2005) must be continued in order to unlock the full potential of suction caisson
foundations for offshore wind turbines. Current issues like a potential effect of the suction
caisson installation on the in-service performance or the cyclic load bearing behaviour
including excursions into tension need to be investigated. Furthermore, research on the
utilisation of suction caissons supporting offshore wind turbines at locations that feature
layered soil profiles is required: The understanding of the influence of low permeable layers
on the suction installation and the load bearing behaviour is limited to date.

However, research on offshore technology implies a few challenges: Offshore platforms are
usually located at remote locations, which are hardly accessible. There are foundations
embedded below the sea floor in considerable water depth — a location that is basically
impossible to reach. Offshore structures are extremely huge and therefore can not be ma-
nipulated without heavy equipment. Furthermore, the return period of the Draupner E
monster wave was calculated to be 50 to 100 years (Hansteen et al., 2003). This loading
scenario is hardly reproducible but nonetheless interesting in a research context. Conse-
quently, emulating the sea floor environment in a laboratory and utilising a computer
based numerical models are the most viable research methods.



Centrifuge experiments are particularly useful in order to study offshore foundation sys-
tems at a laboratory scale (Randolph and Gaudin, 2017). This thesis therefore contains
multiple series of centrifuge tests investigating the installation and load bearing behaviour
of suction caissons. The complied experimental data base adds comprehensive insights into
current topics of research. However, centrifuge testing is complex, certainly time consum-
ing and therefore only partially applicable on an industrial project scale. Therefore, virtual
and almost universally accessible numerical models are developed and evaluated.

The drainage regime determines the course of the suction caisson installation and the
load bearing behaviour. Changes of the pore water pressure inside the caisson crucially
depend on the effective permeability. Soil profiles containing high permeable sand and low
permeable clay layers add complexity to the mechanisms underlying the suction instal-
lation and the load bearing behaviour. The interplay of tip resistance, skirt friction, and
internal pore water pressure depends on the drainage regime and determines the caisson
performance during the suction installation and when subjected to vertical cyclic loading.
The conducted experimental and numerical investigations considering the influence on the
drainage regime on the installation and the vertical cyclic load bearing behaviour aim
to reinforce certainty towards the design of suction caisson foundations for offshore wind
turbines.

Hence, the presented work is dedicated to support the fight against mankind’s arguably
most threatening challenge: the climate change.
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2.1 Suction caissons for offshore wind turbines

Goodman (1961) published one of the first feasibility studies on the application of suction
installed offshore foundation systems. Suction caissons, also called suction buckets, and
suction anchors have been employed to support bottom fixed offshore platforms and an-
chor floating structures. Suction anchors typically feature large aspect ratios of L/D > 2,
where L is the skirt length and D is the diameter. An eyelet connects a mooring line,
which is subjected to tensile loads, to a suction anchor. These structures are utilised
within mooring systems of floating oil and gas platforms, typically located in deep waters
featuring seabeds that mainly consist of cohesive soil (Randolph et al., 1998; Colliat, 2002;
Jostad and Andersen, 2015). Suction caissons, characterised by approximate aspect ratios
of L/D < 1, are utilised to support gravity based concrete structures and bottom fixed
jacket platforms. These structures are typically located in water depths of approximately
50 < hy < 400m. Platforms were installed in various soil conditions, including both, sand
and clay layers. Oil and gas platforms — supported by concrete and steel structures — are
usually heavy because of the topside facilities. Hence, caisson foundations are subject to
significant compressive loading (Hansen et al., 1992; Tjelta, 1994; Bye et al., 1995).

The utilisation of suction caisson foundations for bottom fixed offshore wind turbines
(OWTs) adds to the range of the previously introduced applications. OWTs are signifi-
cantly lighter than most oil and gas platforms. In addition, the centre of gravity is located
at a high altitude, which is challenging — especially for an operational state in high velocity
wind fields. Consequently, the vertical loads on the windward caissons of multipod jacket
structures are small or even tensile, depending on the spacing between the caissons. Cais-
son foundations for OWTs typically feature aspect ratios between 0.5 < L/D < 1. Caisson
based jacked structures can be installed in shallow water depth as well as in waters deeper
than h,, = 50m (Byrne et al., 2002; Bienen et al., 2018a).

Besides multipod jacket structures, OWTs can also be based on a single suction caisson.
The loading regime of monopod structures is characterised by horizontal and momen-
tum loading, rather than compressive and tensile loading. Monopods are large diameter
structures with aspect ratios between 0.5 < L/D < 1. This type of caisson foundation is
suitable for a maximum water depth of h,, =~ 50m (Byrne et al., 2002; Ibsen et al., 2005;
Nielsen et al., 2015).
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2.2 Suction caisson installation

The suction caisson installation presented in Figure 2.1 starts with the caisson penetrat-
ing into the soil due to its self-weight and with a venting valve, before the actual suction
installation commences. Therefore, suction pressure is generated inside the caisson while
the valve is connected to a pumping system. The suction pressure provides an additional
downward force that enables further penetration. Seepage flow additionally results in rel-
atively high permeable soil due to the differential pressure between the caisson internal
and ambient. The seepage flow reduces the tip resistance oy, and ensures further caisson
penetration — even in dense and very dense sand (Tjelta, 1995; Houlsby et al., 2005).

Pumping system
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Suction pressure
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Figure 2.1: Suction installation in sand.

The suction installation in clay or sand can be predicted by different approaches published
by Houlsby and Byrne (2005b), Houlsby and Byrne (2005a), Andersen et al. (2008) or
Senders and Randolph (2009) for example.

2.3 Installation and load bearing behaviour in sand

Experience with suction caisson foundations for OW'Ts is limited to date. Monopod caisson
were installed for academic studies at a test side in Frederikshavn (Ibsen, 2008), at offshore
sites in the Horns Rev 2, and Dogger Bank wind farm (Tjelta, 2015). A suction caisson
jacket was installed during the Borkum Riffgrund development in 2014 (Tjelta, 2015). Fur-
thermore, Kelly et al. (2006a) and Houlsby et al. (2006) installed a single medium scale
caisson near shore at Bothkennar and Luce Bay that was tested with a loading rig.

Small scale lab tests — mainly using a pressure chamber — were performed and published
by Byrne and Houlsby (2002), Byrne and Houlsby (2004), Houlsby and Byrne (2005b),
and Kelly et al. (2006b). Among others Foglia et al. (2012) and Nielsen et al. (2015) added
to the existing database utilising similar small scale set-ups. Allersma et al. (2000) per-
formed small scale experiments at 1¢g and 150¢ in a centrifuge. Based on the comparison
to an extraction test, Allersma et al. (2000) demonstrated the importance of the stress
level during the experiments. This comparison has been showing that dilatancy leads to



2.3 Installation and load bearing behaviour in sand 7

different behaviour at low stress levels compared to prototype stress levels. Hence, a cen-
trifuge environment that provides an increased g-level is required to reproduce prototype
load bearing behaviour within a small scale test set-up.

Allersma (2003) and Allersma et al. (2000) also investigated the horizontal bearing capac-
ity and the cyclic load bearing behaviour. Kita et al. (2018) performed similar centrifuge
tests with different soil properties and investigated the surface deformation through cam-
era observation. Fiumana et al. (2018) examined the extraction resistance of a suction
caisson in sand. They utilised a system that was operated in-flight and actively generated
suction pressure inside the caisson during the extraction. This apparatus was employed
to demonstrate how active suction influences the extraction resistance of suction caissons
embedded in sand. However, none of these studies included suction installation. Allersma
et al. (1997) and Allersma et al. (2001) presented one of the first suction installations in a
centrifuge environment and confirmed phenomena like the reduction of tip resistance and
skirt friction due to seepage flow for instance. Allersma et al. (1997) also pointed out that
further investigations have been required.

Among others M. N. Tran et al. (2004) and M. N. Tran (2005), M. N. Tran and Randolph
(2008), and later Bienen et al. (2018a) performed centrifuge tests in sand which included
controlled self-weight and in-flight suction installation. Ragni et al. (2018) and Ragni et al.
(2019) present related studies where a half-model caisson was installed, while a perspex
widow enabled particle image velocimetry (PIV) post analysis of the self-weight and suc-
tion installation (Stanier and White, 2013; Stanier et al., 2016a). The results of the image
analysis indicate that suction installation can loosen the soil plug (Ragni et al., 2018;
Ragni et al., 2019). However, this effect appears to be temporary, because investigations
on the response to vertical cyclic loading appeared to be only marginally affected (Bienen
et al., 2018b; Bienen et al., 2018a). Instead, the drainage conditions were found to gov-
ern the load-displacement behaviour of a suction caisson foundation (Bienen et al., 2018a).

Numerous studies — e. g. Achmus et al. (2013), Stapelfeldt et al. (2015), and Cerfontaine
et al. (2016) — present results of investigations on the vertical load bearing behaviour of
suction caissons for OW'Ts in sand utilising numerical simulations. Numerical studies have
been limited in the past, because hardly any comprehensive experimental data was avail-
able for validation. This also often holds for simulations of monopod structures subjected
to combined horizontal and momentum loading (Achmus et al., 2013; N. X. Tran et al.,
2017; Skau et al., 2019). However, other investigations on the vertical or horizontal bearing
capacity were validated through large scale model tests (Larsen, 2008; M. Liu et al., 2017)
for example. Simulated extraction tests might be an exception here, as several validated
studies employing similar numerical models exist (Achmus and Thieken, 2014; Shen et al.,
2017; Whyte et al., 2020).

Despite a relatively large database for suction caisson installations compared to test results
featuring cyclic loading, simulations of the suction caisson installation in sand are hardly
available. Existing numerical models usually cover purely hydraulic calculations (M. N.
Tran, 2005) or jacked installation (Zeinoddini et al., 2011). Furthermore, the structural
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behaviour of the caisson was investigated. Madsen et al. (2013) addressed buckling failure
of a thin walled caisson for instance.

As prototype data often remains confidential and the existing experimental database was
limited before recent additions, uncertainties regarding the suction installation and the
in-service load bearing behaviour in sand still exist. A possible influence of the suction
installation on the load bearing behaviour can not be ruled out yet. Further insights into
the installation mechanism in sand are required. Furthermore, numerical simulations are
naturally underdeveloped compared to physical models — especially because validation
through comparison to experimental data is required. This applies in particular to the
numerical modelling of the suction caisson installation in sand.

2.4 Installation and load bearing behaviour in layered soil

Offshore wind farms spread out in new areas with the growing demand of renewable en-
ergy. Consequently, the wind farm development locations shift from shallow water depths
and predominantly sandy sea beds towards deeper water and sea beds often characterised
by layered soil profiles. A suction anchor installation in the far south west of the Danish
sector of the North Sea (Senpere and Auvergne, 1982) shows a possible environment for
future offshore wind farms: This location features a water depth of h,, ~ 40m and the
sea bed consist of sand over clay (SoC). Suction caissons were also successfully installed
and removed at shallow and deep water sites with a sea bed that contained clay over sand
(CoS) and interbedded profiles during oil and gas field developments, e.g. located in the
Norwegian and British sector of the North Sea or in the Gulf of Mexico (Tjelta et al.,
1986; Watson et al., 2006; Broughton et al., 2013).

Tjelta (2015) concluded that suction caissons can be installed at any location at the
North Sea. Bottom fixed jacket structures are expected to support OW'Ts located in wa-
ter depths of h,, > 40 m. Steel-made suction caissons with typical aspect ratios between
0.5 < L/D < 1 are a suitable foundation system for such offshore platforms. With wall
thickness ¢ and diameter D ratios ranging from ¢/D =~ 1/100 to t/D ~ 1/250, these struc-
tures are relatively thin-walled in comparison to concrete caisson foundations typically
featuring a skirt thickness of several decimetres (Tjelta et al., 1990; Masui et al., 2001;
Tjelta, 2015).

Expertise regarding suction caisson foundations for OW'Ts in layered soil hardly exist and
accessible data is restricted to experimental studies. The installation in layered soil was
addressed in a limited number of small scale laboratory tests and centrifuge experiments
(Raines et al., 2005; M. N. Tran, 2005; Watson et al., 2006; Senders and Randolph, 2007;
Cotter, 2010). Investigations of different soil layer specifications demonstrated that a low
permeable layer underlying sand yields an installation mode that is comparable to the in-
stallation in homogeneous clay. A low permeable layer overlying sand was found to prevent
seepage flow within the sand, which eventually leads to premature refusal. Consequently,
the installation in layered soils was initially evaluated to be problematical (Houlsby and
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Byrne, 2005a). However, M. N. Tran (2005) and M. N. Tran et al. (2007) pointed out that
an uplift of the soil plug might transfer the suction pressure into the underlying sand layer.
Thus, seepage is expected to reduce the skirt tip resistance, which is known to facilitate
the suction installation. Ragni et al. (2020) recently extended their studies towards lay-
ered soil profiles. This study underpins the feasibility of a suction caisson installation in
SoC and CoS. Furthermore, the blockage of seepage flow due to a low permeable top-layer
was reinforced. It was also found that clay plug uplift indeed transferred suction pressure
into the underlying sand layer and does not necessarily lead to premature refusal. A high
pumping flow rate was found to be beneficial regarding the achievable penetration depth.

Jeong et al. (2018) and Zografou et al. (2019) performed centrifuge tests on suction caisson
foundations subjected to vertical cyclic loading in homogeneous sand or clay, respectively.
Zhu et al. (2017), Zhu et al. (2018a), and Zhu et al. (2018b) published the only existing
centrifuge test on suction caisson foundations embedded in sand over clay and subjected to
cyclic loading. However, monopod caissons and therefore lateral and momentum loading
were addressed. Without published prototype data, hardly any knowledge is available for
suction caissons in layered soil that are subjected to vertical cyclic loading.

This also holds for studies based on numerical simulations. M. N. Tran (2005) and M. N.
Tran et al. (2007) presented results obtained from numerical analyses that target the de-
velopment of seepage flow around a fixed caisson skirt. These results underpin centrifuge
experiments that showed that a low permeable silt layer effectively reduces the seepage
flow into the caisson. Based on numerical analyses it was concluded that the suction pres-
sure must be transferred to the underlying sand layer. The results published by Ibsen and
Thilsted (2010) where obtained from a similar methodology employing large scale tests and
numerical simulations for investigations on piping limits for the suction caisson installa-
tion in layered sand. Kim et al. (2013) utilised a centrifuge test and numerical simulations
investigating the load bearing behaviour of a monopod suction caisson foundation in a
stratified sand and silt profile. Kim et al. (2013) identified the vertical load, the elastic
stiffness modulus and the shear strength as key parameters for the response to combined
loading in layered soil under consideration of a specific prototype application. However,
the prototype data was not published by Kim et al. (2013).

The existing database of numerical situations shows diverse soil profiles despite the limited
number of publications. Each publication listed above includes comparison and validation
with experimental data. However, a comprehensive study including investigations on the
suction installation and the vertical load bearing behaviour in layered soils does not exist
to the author’s knowledge. This holds particularly for studies employing numerical simula-
tions, because a database consisting of reproducible experimental data, which is required
for validation of numerical models, is not available yet.






3 Objectives

The load displacement behaviour and a possible effect of the suction installation — espe-
cially when it comes to low magnitude compressive or tensile vertical loading — are crucial
to the serviceability limit state of an OW'T. Further investigations are necessary to increase
confidence in the caisson foundation technology. As uniform dense sand and layered soils
were found to be expected in regions of potential offshore wind farm developments, both
are to be investigated. Uniform sand soil profiles are addressed first. SoC and CoS profiles
are targeted secondly.

A first dual series of centrifuge tests was planned: The presented experiments aim to
build on the latest test results published by Bienen et al. (2018a), Bienen et al. (2018b),
Ragni et al. (2018), and Ragni et al. (2019). Numerical simulations are employed under
consideration of the experimental results in order to provide additional insights. Both
methods were utilised to target the following questions:

o Considerable seepage is present in the soil plug during suction installation, depending
on the pumping flow rate. To what extend are the achievable penetration depth or
the in-service foundation performance affected by the suction installation?

o The effective permeability and therefore the drainage regime is expected to affect the
response to vertical cyclic loading. What level of tensile loads can safely be carried
without considerable heave, i.e. without compromising serviceability criteria?

The second research package includes another dual series of centrifuge tests. The suction
caisson installation into SoC and CoS as well as the response under subsequent subjected
to vertical cyclic loading are targeted through centrifuge tests. Full model tests will be
complemented by half-model tests with particle image velocimetry (PIV) post analysis of
the images captured through a perspex window during the experiment in order to reveal
the underlying mechanisms. Hence, the following questions are targeted:

o Phenomena like sudden rapid penetration into the clay layer underlying sand or clay
plug uplift during penetration in CoS can occur during the suction installation in
layered soil. Do consequences arise for the achievable penetration depth or in-service
foundation performance from the suction installation?

o Layered soil profiles are alternating the drainage regime and therefore the underlying
load transfer mechanisms. How can vertical cyclic loads including significant excur-
sions into tension be sustained in SoC and CoS without compromising serviceability
criteria?






4 Methods

The objectives are addressed through different methods. In general, each investigation that
was carried out contains two methods: physical and numerical modelling. The mandatory
comparison between both methods ensures validated results. Three different physical mod-
elling set-ups were employed for the investigations on the suction caisson installation, while
one of the set-ups also allowed cyclic loading tests. Furthermore, the small deformation
based numerical model utilised for investigations on the load bearing behaviour of a caisson
foundation does not capture the suction caisson installation. Hence, a second numerical
model capturing large deformations was utilised. Consequently, a total of three physical
modelling set-ups and two different numerical methods are required to provide insights
into the suction caisson installation and the response to vertical cyclic loading in sand and
layered soil profiles. In addition, this approach enabled the development of an analytical
prediction method for the cyclic load bearing behaviour of suction caissons subjected to
compressive and tensile vertical loading.

4.1 Centrifuge tests

4.1.1 Centrifuge testing for offshore geotechnical engineering

The first ideas of centrifuge testing in geotechnical engineering date back to the nineteenth
century. However, the first centrifuge tests were not conducted before the early nineteen-
thirties in Russia and the United States of America. Interrupted by the Second World War,
researchers in England, Japan, Russia, and the United States of America dedicated their
work to centrifuge testing and published more than 400 papers until the early nineteen-
eighties. This reinforced centrifuge testing in geotechnical engineering (Taylor, 2011). The
establishment of a centrifuge laboratory at the University of Western Australia (UWA)
in Perth arguably spurred research on offshore foundations in the early nineteen-nineties.
The Acutronic Model 661 beam centrifuge was utilised for countless testing series yield-
ing in a remarkable number of publications. The C661 is still operated by the National
Geotechnical Centrifuge Facility at the UWA (Randolph and Gaudin, 2017).

Research in offshore geotechnical engineering is challenged by two major difficulties: Every-
thing of interest is underwater, which is hardly accessible for humans. Foundation systems
are often embedded in the sea bed, a location that is arguably impossible to reach. Conse-
quently, it appears to be obvious to shrink the sea bottom and relocate it into a laboratory.
This move implies several requirements and advantages:

e The soil stress level at the laboratory has to be similar to the stress level offshore.
This is particularity important when model foundations at reduced size are tested.
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e The drainage conditions must be replicated correctly in the laboratory.

o The offshore installation techniques have to be recreated in the laboratory.

o Loading scenarios occurring offshore must be reproduced at the laboratory scale.
o An overall reduction of the soil sample and foundation size facilitates testing.

o A laboratory environment enables controlled preparation of the soil sample which
reduces uncertainties and ensures repeatability of the experiments.

o Appropriate laboratory equipment enables investigations on extreme loading scenar-
ios that hardly occur offshore, but could lead to catastrophic consequences.

Centrifuge testing matches all the listed requirements. The establishment of a realistic
stress level and a suitable drainage regime are particularly important for centrifuge tests
featuring suction caisson foundations. A suction caisson extraction from sand for instance
demonstrates the importance: Allersma et al. (2000) compared a small scale model cais-
son test conducted at 1g and the same tests performed in a centrifuge at 150g. This test
demonstrated, that the stress level altered the load bearing behaviour, which is obvious
since the internal friction and the dilatancy of soil are stress dependent (Lehane and Q. B.
Liu, 2013). Furthermore, the drainage regime has a major influence on the load bearing
behaviour of suction caissons — especially in relatively high permeable soil. Among others
Tan and Scott (1987) and Taylor (2011) pointed out that the manipulation of the pore
fluid viscosity is a proven technique to establish the required drainage regime.

Remote actuation inside a spinning centrifuge is a key technology, especially for more com-
plex model set-ups like the suction caisson installation: The caisson installation requires
a vertical actuator that is equipped with a load control system to imitate the self-weight.
An in-flight manipulatable valve and a pumping system (House, 2002), i. e. two additional
actuators, are required to enable the suction installation. Bearing in mind that this equip-
ment travels at approximately v = 200 km/h illustrates the complexity of a suction caisson
installation in a centrifuge environment.

This thesis features a centrifuge test set-up that required further development within the
scope of this thesis. The performance of an in-flight suction caisson installation with a
subsequent cone penetration test (CPT) inside the caisson required the dual use of the
vertical actuator. The vertical actuator carried a floating model caisson and the cone pen-
etrometer and therefore enabled — to the author’s knowledge — the first ever in-flight CPT
inside a suction caisson without stopping the centrifuge. Further details and results are
presented in chapter 5.

The investigation of the suction caisson installation in layered soil profiles required the
utilisation of an even more sophisticated set-up: A half-model caisson was pressed against
a perspex window with the horizontal axis of the actuator. In addition, two machine
cameras recorded photographs from the outside of the perspex window. Hence, a total
number of four actuator channels and two cameras — in addition to at least two other
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cameras providing views on crucial parts of the test set-up — were utilised simultaneously.
The centrifuge test set-up enabling PIV post analyses of the suction caisson installation
has been originally developed by Ragni et al. (2018). This thesis features the first successful
reproduction of this testing set-up to the author’s knowledge. Further details and results
are presented in Chapter 7.

4.1.2 Scaling laws for centrifuge tests in saturated soil

Centrifuge modelling facilitates the achievement of similarity between a small scale model
and the prototype. The N-times increased gravity yields a stress field which is similar to a
prototype that is N-times larger than the model. The scaling factor for linear dimensions
is 1 : N. Consequently, strains and stresses are similar at prototype and model scale. This
yields a scaling factor for forces of 1: N? (Taylor, 2011).

Centrifuge set-ups featuring saturated soil interacting with structures and therefore mod-
elling consolidation and seepage flow require a modification of the pore fluid or the loading
rate, because the time scaling factors for consolidation 1 : N? and dynamic motion 1 : N
differ. Utilising a pore fluid with an N-times increased dynamic viscosity n — e. g. silicone
oil or methyl cellulose ether diluted in water — syncs the time scaling factors. Hence, sim-
ilarity can be achieved (Taylor, 2011).

Taylor (2011) referred that a centrifuge is not a time machine, albeit it is mentioned, that
consolidation processes can be modelled 1 : N? faster than in prototype scale or earthquake
events can be modelled N-times faster due to an increased model frequency f,, = N f,,
without violating similarity. However, time elapses at the same pace in the centrifuge as it
does outside. Consequently, similarity is also reached taking a time scaling factor of 1 : 1
into account and adapting the model velocity time scaling factors in accordance to the
adapted linear dimensions. The scaling factors applying here are summarised in Table 4.1.

Table 4.1: Scaling factors (model : prototype) for centrifuge tests with and without in-
creased pore fluid viscosity 7.

Parameter Dimension Scaling factors
M = 1p) (1 = N'jp)

~

Length, Displacement L 1: N 1: N
Strain LL™1 1:1 1:1
Stress FL™2 1:1 1:1
Force F 1:N? 1:N?
Time (consolidation) T 1:N? 1:N
Effective permeability ~ LT~! 1:1 N:1
Velocity (seepage flow) LT~! 1:N 1:1
Time (motion) T 1:N 1:N
Velocity (motion) LT 1:1 1:1
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The artificially increased effective model permeability — k¢, = Nky, practically implies

that the pore fluid flows N-times slower in the model compared to the prototype. Since

the model dimensions are N-times smaller compared to the prototype, similarity is sat-

isfied only when the time is scaled 1 : 1, i.e. the model test are conducted at real time.

For instance, a caisson displacement amplitude of a,, = 1 mm in model scale corresponds

to a prototype displacement amplitude of a, = 10cm, while the frequency is f,, = f,
V/A

and therefore the loading rate is (<5~),, = N (&TA)},. This is consistent with the hydraulic

gradient i,, = Ni,, i.e. the ratio of the pressure differential and length (Taylor, 2011).

4.1.3 Digital image correlation in a centrifuge environment

The measurement of soil deformations is one of the key tasks in geotechnical experi-
ments. Measuring large scale deformation fields is challenging using sensing equipment
only. Methods including the recording and analysing of images like x-ray and magnetic
resonance imaging or digital image correlation (DIC) and PIV are able to provide insights
beyond sensor based measurements (Stanier et al., 2016a). The DIC (Adrian, 1991) widely
known as PIV (Sutton et al., 1983) evolved to be a proven method that is also applicable
to investigate soil structure interaction in clay (Mana et al., 2012) and sand (Ragni et al.,
2018) in centrifuge experiments.

Recording the images for PIV post analyses in a centrifuge requires machine cameras,
sufficient illumination and data processing equipment in addition to the geotechnical test
set-up that includes a transparent front revealing a soil sample cross section. The equip-
ment and software environment utilised for testing in the Acutronic Model 661 centrifuge
(Randolph et al., 1991; Randolph and Gaudin, 2017) at the University of Western Aus-
tralia in this study is similar to the one described in Stanier et al. (2014).

The PIV post analyses are performed by the means of the software package GeoPIV
RG (Stanier and White, 2013; Stanier et al., 2016a; Stanier et al., 2016b; Teng et al.,
2017). GeoPIV RG is an enhanced version of the GeoPIV software. The development
of GeoPIV is described in detail in White et al. (2001) and White et al. (2003). One
of the most important enhancement of GeoPIV RG is the analysis stability in case of
large deformations. This is particularly important, because of the targeted investigation
of the suction caisson installation processes. Furthermore, GeoPIV RG was developed
at the University of Western Australia. It is a proven tool for the post analysis of soil
deformations from images of the suction caisson installation recorded during centrifuge
tests (Ragni et al., 2019).

4.2 Material point method

4.2.1 General concept

The material point method (MPM) is a particle in cell (PIC) method that was introduced
by Sulsky et al. (1994) and Sulsky et al. (1995). This numerical method is based on the
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finite element method (FEM), but particles, which are also called material points (MPs),
represent the continuum. In contrast to conventional FEM, the MPs, i.e. the material
continuum, can migrate arbitrarily through a fixed computational grid. Unlike Eulerian
FEM, the MPs accommodate all properties like mass density, stresses, and strains, for
example. Consequently, the mesh does not carry any information permanently as the
following computational scheme is employed: The information stored in the MPs is mapped
to the computational mesh during the initialisation phase. Subsequently, the equations of
motion are solved at the nodes during the Lagrangian phase. The deformation of the mesh
can be calculated during this phase, but this is not compulsory. The momentum and the
position of the MPs is updated during the convective phase. This can be done with the
node locations being updated or as they remain at their original position. Due to this
concept, which is illustrated in Figure 4.1, the simulation of large deformation problems
like impact, penetration or fluid-structure interaction becomes feasible (Sulsky et al., 1994;
Sulsky et al., 1995).

Figure 4.1: Scheme of the MPM approach: initialisation phase (a), Lagrangian phase (b),
convective phase: mapping information to MPs (c), and convective phase: up-
dating MP position (d).

The governing equations of the MPM imply the conservations laws of thermodynamics.
Assuming that no MP enters or leaves the computational domain, the conservation of
mass is satisfied by default. The conservation of momentum or Newton’s second law of
motion relates the motion of the continuum to the internal and external forces. It is noted
that the accelerations terms have to be taken into account in a dynamic formulation. The
conservation of energy within an MPM model also has to be satisfied (Sulsky et al., 1994;
Sulsky et al., 1995).

Based on the governing equations a weak formulation is obtained through multiplication
with the weight functions and integration. The momentum equations are solved on the
computational mesh before the updated momentum is mapped back to the MPs. The con-
stitutive equations are solved at the MPs. The constitutive behaviour relates the stresses
and strains of a material to the momentum of each MP. Consequently, plastic and history-
depended constitutive behaviour can be considered in large deformation analyses without
mapping the required variables. This concept overcomes major shortcomings of purely
Eulerian and arbitrary Lagrangian formulations (Sulsky et al., 1994; Sulsky et al., 1995).

The computational domain is discretised in space in two independent ways: First, the do-
main is decomposed into a finite number of subdomains, i.e. a finite number of elements.
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Second, each element of the mesh accommodates a finite number of MPs in the beginning
of an analysis. During the calculation, the number of MPs in an element can change ar-
bitrarily. A MP represents a fixed fraction of the whole material continuum. In contrast
to purely particle based methods, e.g. the discrete element method, where each grain is
modelled by a single particle, the total volume or mass of a MP is not restricted. Thus, the
total size of a MPM model is not limited through the computational demand by default
(Sulsky et al., 1994; Sulsky et al., 1995).

Sulsky et al. (1994) and Sulsky et al. (1995) refer that their PIC method automatically in-
cludes sticky contact. Bardenhagen et al. (2000) introduce the MPM for granular materials
as an extension of PIC presented by Sulsky et al. (1994) and Sulsky et al. (1995). They
also emphasise the requirement of a contact algorithm that allows separation and sliding,
including friction, but inhibits interpenetration. Bardenhagen et al. (2000) and Barden-
hagen et al. (2001) introduce a contact algorithm that is applicable to any shape of body.
This algorithm compares and corrects the velocity of the respective fields. In addition, a
frictional coefficient p is introduced for the correction of the tangential components. This
enhancement enables the simulation of the interaction between multiple objects formed
from MPs (Bardenhagen et al., 2000; Bardenhagen et al., 2001).

Among others Verruijt (2010), van Esch et al. (2011), and Jassim et al. (2013) present a
framework for dynamic two-phase analyses in MPM. Jassim et al. (2013) summarise the
implementation of a two-phase analysis procedure in the MPM framework based on the
principles laid out by Zienkiewicz et al. (1980) and Zienkiewicz and Shiomi (1984). It is
emphasised that a v-w-formulation, which takes all acceleration terms into account, is to
be utilised instead of a simplified u-p-formulation. The requirement of a v-w-formulation
for problems including rapid loading, e.g. to capture the second compressive wave in a
consolidation analysis, is demonstrated by van Esch et al. (2011).

Zhang et al. (2017) and Fern et al. (2019) summarise the current state of development
in the MPM. Considering the goal of the simulation of the suction installation process of
a caisson foundation the following requirements arise: A numerical method that captures
large deformations, a contact algorithm, a two-phase formulation, constitutive models for
granular materials, and an axisymmetric formulation are required. In addition, solid stress,
velocity, and hydraulic boundary conditions are mandatory. An evaluation of the currently
available MPM programmes yields that an axisymmetric formulation exists, but is not
implemented in an available programme environment. In addition, hydraulic boundary
conditions are predominantly restricted to the mesh nodes. Besides these two key features
the requirements for the simulation of the suction caisson installation are satisfied by the
current state of development of the MPM (Fern et al., 2019).

4.2.2 Axisymmetric material point method

The axisymmetric form of the MPM was introduced to be an inexpensive extension from
two-dimensional to three-dimensional problems having appropriate symmetry (Sulsky and
Schreyer, 1996). Compared to three-dimensional MPM, the axisymmetric formulation en-
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ables simulations of circular problems, like cone penetration and pile or caisson installa-
tion, at significantly lower computational cost. The key features of axisymmetric MPM
are presented in accordance to Fern et al. (2019).

Axisymmetric strains

The axisymmetric MPM utilises a cylindrical coordinate system, where u, represents the
vertical and w, is the radial displacement. The strain tensor has got four non-zero com-
ponents, which are the radial strain ¢,, the vertical strain ,, the shear strain v, and the
circumferential strain eg:

ou,
= 4.1
87” ar ( )
ou
gy = (Tyy (4.2)
ey = ”7 (4.3)
ou, Ou

The distance between the location of an MP and the axis of symmetry is denoted by the
radius r. The strains are linked to displacements through Equations 4.5 and 4.6:

Nn
i=1
or
_ Jdy
Bi =\ ON, (try) ON; () (4.6)
dy or
r

The vector u; contains the nodal displacements of the node 7. The matrix B; is formed by
the gradients of the shape functions /V; that contain the local coordinates for the MPs x,,,.
In consequence, the strains in the axisymmetric formulation are given through summation
across the element nodes N,,:

N 3Nz Tm
(gT)mp = Zu’f’,i a(r p) (47)
=1

N (9]\/} Tm
(gy)mp = : :Uy,i ( p> (48)
i—1 y
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Internal forces

The internal forces fii”t are calculated in a specific way in axisymmetric MPM, which is
given here:

Nonp
fimt = Z BiT (Zimp) Tmp iy (4.11)
mp=1
N,y represents the number of MPs located inside an element in the beginning of a time
step. {1, is the integration weight of a MP and oy, is the related stress tensor. The radial
and vertical components are given in Equations 4.12 and 4.13:

2 3 (oo 20 5 B | o
int Rl ON; () ON; (zp)
Yyt mél { ((Uy)mp T + (Ury)mp 87’) Qmp} (413)

Despite the presented differences, the calculation scheme of the axisymmetric formulation
equals the procedure for a conventional plane-strain MPM, which is also presented in detail
by Fern et al. (2019).

4.2.3 Boundary conditions on material points

Usually boundary conditions (BCs) are aligned with the nodes of the computational grid,
which is similar to FEM analyses. However, the MPM provides the facility to apply BCs
at MPs. This is especially handy, if a soil surface is intended to move independently from
the mesh and a non-zero-traction boundary condition is to be imposed. This functionality
is crucial, if the soil surface is subject to loading and the mesh is adopted due to a moving
mesh algorithm, for instance. Since, a moving mesh is proposed to improve the detection
of the contact surfaces in a penetration process, the application of BCs on MPs becomes
necessary (Bardenhagen et al., 2000; Bardenhagen et al., 2001).
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The pre-defined BCs — e.g. displacements, effective stresses or hydrostatic pressures —
are mapped to the MPs in advance to the first load step. Within each load step, the
corresponding traction stresses f trac are mapped back to the mesh employing the shape
functions of the respective element:

nel Mmp,el

fFree=32 %0 N (mp)fmp” (4.14)
el=1 mp=1
The BCs are mapped to mesh nodes in the beginning of the Lagrangian phase (Fern et al.,
2019). Thus, the MPs that are associated with a BC are free to shift the element that
contains them. This scheme allows the utilisation of a moving mesh in the simulation
of the penetration of a caisson skirt with a simultaneous application of BCs on the soil
surface. The BCs on MPs can be utilised to generate differential pressure between the
inside of a suction caisson and ambient. This is a key-feature in order to enable an holistic
simulation of the suction caisson installation.

4.2.4 Implementation of the axisymmetric formulation
Anura3D

Hamburg University of Technology (TUHH) currently holds a membership in the Anura3D
Research Community. This membership allows access and personal development of the
source code of Anura3D. This MPM programme is complementarily available, which auto-
matically ensures reproducibility of results when personal developments are shared within
the research community. Each commitment to the main source code has to pass certain
quality standards, such as comprehensive benchmarking, to ensure general compatibility
to each possible application of the programme. As soon as a novel development satisfies
the quality standards, it is shared within the community. After further internal testing,
the advanced code eventually becomes accessible to the general public. The quality man-
agement, maintenance and software releases are managed by the research community.

Anura3D (version 2019.1) already provided several key-features that are necessary for the
simulation of the suction caisson installation: The MPM framework included a contact
formulation so that simulation of penetration processes was feasible. A two-phase v-w-
formulation, which is hardly available in other MPM programmes, was also available in
Anura3D 2019.1. However, this version did not provide hydraulic BCs on MPs. Addi-
tionally, the version 2019.1 was restricted to three-dimensional analyses, which results in
an excessive computational demand when it comes to the simulation of circular prob-
lems. Consequently, the axisymmetric formulation and a mapping function that allows the
application of hydraulic BCs on MPs had to be implemented in order to facilitate the
investigation of problems like the installation of a circularly shaped suction caisson.
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Implementation

Due to the suitable environment of Anura3D, the accessibility to the source code, and
the obvious entailment, the required features — the axisymmetric formulation and the hy-
draulic BCs on MPs — have been implemented in the Anura3D programme environment
within the scope of this thesis. It is planned that these functionalities become available to
the public in future versions of Anura3D.

This novel implementation of BCs on MPs allows the manipulation of the hydrostatic
pressure at a free soil surface. This enables the simulation of problems containing a soil
surface that is located partly or completely below the water level. This is particularly
important when a local differential pressure is considered — e. g. for the simulation of the
suction caisson installation.

The significant reduction of computational costs for the simulation of circular problems is
the major upside of the axisymmetric formulation. The capability of the novel implemen-
tation is demonstrated through the re-calculation of a granular column collapse that was
proposed by Fern et al. (2019). Regardless of the referred model parameters, the models
are formed as described in Table 4.2. Dry granular material is utilised. The constitutive
behaviour is modelled with an elastic-plastic Mohr-Coulomb-model (MCM). The required
constitutive parameters are also presented in Table 4.2.

Table 4.2: Model for an axisymmetric column collapse.

Parameter Symbol ~ Unit  Value
Model radius T'm (m) 3
Model height hom (m) 1.1
Column radius Te (m) 1
Column height he (m) 1
Initial porosity n (-) 0.4
Density solid s (t/m3)  2.65
Lateral pressure coefficient K, (-) 0.5
Young’s modulus E (MPa) 1
Poisson’s ratio v (-) 0.3
Peak friction angle v (°) 30

The calculations are performed in nys = 50 load steps with a simulated time of 7" = 0.01 s
each. Stresses are initialised by means of a Ky-procedure prior to the first load step. A
Courant number of C' = 0.98 and no damping is utilised. The model is tested with different
mesh configurations including structured and unstructured meshes for the three- and two-
dimensional model, respectively. In addition, the mesh size is reduced twice starting from
an element length of [, = Tlorc. Three MPs per element are used in the two-dimensional
axisymmetric model and an element in the three-dimensional model contains four MPs.
The three-dimensional analyses are performed with a 90°-wedge.
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The results of this specific benchmark show that the two-dimensional axisymmetric model
requires less than 5% of the computational time that is necessary to compute the utilised
three-dimensional model. The significantly lower number of MPs required for the axisym-
metric model presumedly is the main reason for this remarkable speed-up. The calculation
time for the simulation of a caisson skirt penetrating into saturated soil is expected to be
reduced from approximately a week to several hours.

4.3 Finite element method

4.3.1 Requirements for the numerical modelling of suction caissons

The literature review presented in chapter 2 pointed out that the FEM is considered to be
an established tool for the numerical simulation of geotechnical problems. This includes
the numerical simulation of the load bearing behaviour of suction caisson foundations.
However, the model design for a thin-walled suction caisson is complicated to date: The
thin-walled skirt tip requires the utilisation of very small elements compared to the overall
model dimensions. This area accommodates the largest deformations forming from loads
introduced through the skirt. Furthermore, the skirt tip is located in an area of the nu-
merical model that is also affected by the internal soil plug deformation. The utilisation
of shell or structure elements would introduce a simplification to a crucial part of the
problem — the tip resistance — and therefore is not applicable for numerical simulations
targeting cyclic loading.

This example already demonstrates the complexity of the suction caisson model design.
This aspect also implies that the application of the FEM is limited to small strain anal-
ysis. Besides issues, like data confidentiality and a fragmented experimental database for
validation, the following requirements add further complexity for the development of a
numerical model of a suction caisson foundation:

(1) A circular suction caisson allows the utilisation of an axisymmetric numerical model
in order to minimise the computational costs compared to a three-dimensional model.

(2) A suction caisson is usually subjected to cyclic loading at loading rates that can
introduce partially drained behaviour. Consequently, a coupled two-phase FEM for-
mulation is required. The u-p- and v-w-formulation are possible coupling methods.
The comparison discussed in van Esch et al. (2011) demonstrated the superiority
of the v-w-formulation. However, the secondary compressive wave is not expected
to be relevant at the loading rates expected for suction caisson foundation for off-
shore wind turbines. Hence, both techniques are considered to be applicable for this
specific problem.

(3) A suction caisson model always includes two interacting material entities. Therefore,
a contact formulation that allows slip between the steel skirt and the surrounding
soil is required. Since structure soil interface modelling is often limited in universal
FEM programme codes, additional functionality can be required to create a sufficient
numerical model.
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(4) Achmus and Thieken (2014) and Whyte et al. (2020) point out that the caisson lid
can detach from the soil plug while the occurring gap is filled with water. These
findings were underpinned through the recalculation of laboratory tests and suction
caisson extraction tests with the exact same constitutive model and model parame-
ters presented in Whyte et al. (2020). Since the soil and the pore water are combined
in a single continuum material in FEM models, Achmus and Thieken (2014) intro-
duced the water elements representing the extracted fluid volume in a simulated
pull-out test. It is concluded that the simulation of a water filled gap is required as
soon as the targeted caisson displacements result from a vertical loading regime that
substantially exceeds the frictional capacity.

(5) The simulation of vertical cyclic loading that includes significant excursions into
tension, can feature the opening and subsequent closing of the pore fluid gap at the
lid invert. However, the water elements must contain a minimum stiffness (Achmus
and Thieken, 2014). Consequently, the simulation of compressive loading utilising
water elements is impossible. Cerfontaine et al. (2016) utilised an approach including
a storage term maintaining the connection of the soil pore pressure to the lid invert
while the soil entity is detached.

(6) The simulation of cyclic loading requires constitutive models that capture accumula-
tive effects. For instance: The hypoplastic constitutive model including the intergran-
ular strain anisotropy (ISA) is applicable for numerical simulations including cyclic
loading in sand (Fuentes and Triantafyllidis, 2015b). A visco-hypoplastic constitu-
tive model, also including the ISA formulation, can be utilised for numerical analysis
including the response of clay soil subjected to cyclic loading (Fuentes et al., 2018).

(7) Depending on the volumetric strains — especially within the soil plug — the void ratio
can be subject to considerable changes. Since the effective permeability is determined
by the void ratio, significant changes of the in situ void ratio would require to capture
this effect within the constitutive model. Achmus and Thieken (2014) proposed the
Kozeny-Carman-equation to be a suitable approach, for example.

Based on these requirements, the current state of the art needs to be evaluated: Axisym-
metric FEM formulations including quasi-static two-phase calculations are available in
several programs like Plaxis or Abaqus. Most codes provide frictional interface models
allowing slip between different materials entities. Advanced models, like the hypoplastic
interface (Stutz et al., 2016; Stutz et al., 2017), can be implemented by means of a user
interface, e. g. in Abaqus. Normal interaction between two materials involving coupled me-
chanical and hydraulic degrees of freedom and detachment and re-establishment of contact
is hardly available in current software environments. Cerfontaine et al. (2016) present such
a technique, but this code and the simulation data remains confidential to date. However,
the introduction of the lid separation for the soil is found to be a crucial mechanism and
is therefore prioritised to be implemented in the simulations targeting the vertical cyclic
loading of suction caissons featuring excursions into tension.
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4.3.2 Modelling approach for the detachment of the caisson lid

Achmus and Thieken (2014) and Cerfontaine et al. (2016) emphasised the importance of a
temporary lid detachment from the soil plug. Since the method presented by Cerfontaine
et al. (2016) remained confidential, improving the water element technique proposed by
Achmus and Thieken (2014) is targeted within the scope of this thesis: The water elements
featuring mechanical and pore water pressure degrees of freedom are maintained. However,
the required minimum stiffness prevents the utilisation for compressive loading of a suction
caisson. Therefore, a protective box, presented in Figure 4.2, was added in order to enable
compressive loading. The displacements of the caisson and the box are coupled. Normal
contact allowing temporary separation is postulated between the box and the soil plug
surface. The top surface nodes of the water elements are coupled to the neighbouring
nodes of the caisson. The soil and the water elements are connected by a tie constrain. This
model configuration boxes the water elements at a minimum height in compression once
lid contact is established. The water elements expand once the lid is detached from the soil
plug surface in tension. This process works vice versa and can be repeated infinitely. Hence,
the presented approach enables the utilisation of water elements — i.e. the consideration
of lid detachment — in a simulation that features tensile and compressive loading for the
first time to the author’s knowledge.

Lid
Box
Skirt
/ L ||
| [
Water elements Soil plug

Figure 4.2: Boxed water element concept.

4.3.3 Constitutive modelling

Analyses targeting cyclic loading problems require advanced constitutive models in order
to provide adequate results. The hypoplastic model for sand including the ISA, which has
been utilised in Fuentes et al. (2017b) became publicly available in 2018. An analogue
visco-hypoplastic model for clay (Fuentes et al., 2018) exists, but remains confidential to
date. Updating the effective permeability based on the void ratio calculated from the hy-
poplastic constitutive model is a reasonable extension, which is currently not available to
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the public. However, this addition is only required in case of considerable changes of the
void ratio calculated from a numerical model. Consequently, a low priority is given to a
re-implementation of the Kozeny-Carman approach suggested and discussed in Achmus
and Thieken (2014).

The hypoplastic constitutive model, originally published by von Wolffersdorff (1996), fea-
tures void ratio (pyknotropy), stress (barotropy), and stress path depended response.
Niemunis and Herle (1997) added the intergranular strain concept to the original model,
which enables the simulation of static unloading and reloading utilising increased stiffness
depending on the strain rate. Wegener and Herle (2013) added a reduction factor for the
intergranular strain effect in order to reduce the overestimated accumulation of deforma-
tions resulting from repetitive loading and unloading. However, the purely elastic concept
of the intergranular strains is maintained. The ISA concept introduced elastic plastic con-
stitutive behaviour for small strain amplitudes (Fuentes and Triantafyllidis, 2015b). The
implementation of hypo-elasticity, a critical state condition, and yield surfaces into the
intergranular strain environment enable more accurate simulations of cyclic loading prob-
lems (Fuentes and Triantafyllidis, 2015a). Two additional extensions are also utilised: A
reduction of the strain rate for a high number of repetitive loading cycles yields an im-
proved response (Poblete et al., 2016; Fuentes et al., 2018). The introduction of the effect
of cyclic mobility enables the simulation of liquefaction failure resulting from repetitive
loading (Fuentes et al., 2019).

The development of the visco-plastic constitutive model formulation was presented in
Niemunis (1996) and Niemunis and Krieg (1996). The intergranular strain concept has been
introduced by Niemunis (2003). Extended visco-hypoplastic constitutive model capture
strain rate dependency, viscous effects, and inherent anisotropy for monotonic loading
and unloading (Niemunis et al., 2009; Masin, 2019). Fuentes et al. (2017a), Fuentes et al.
(2018), and Tafili and Triantafyllidis (2018) implemented the ISA-plasticity into the visco-
hypoplastic constitutive model in order to improve the performance for the simulation
of cyclic loading. This constitutive model is still under development including features
like partial saturation, cementation, or anisotropy for overconsolidated clays. The ISA-
plasticity extension is not publicly available to the author’s knowledge.

4.4 Analytical prediction method

Among others Bienen et al. (2018a) and Bienen et al. (2018b) found that the drainage
regime governs the vertical load bearing behaviour. Hence, it is considered to be reason-
able to employ the approach introduced by Houlsby and Byrne (2005b) and Houlsby et al.
(2005) for the development of a simplified prediction method of the response of suction
caissons under vertical cyclic loading.

The presented approach was developed within the scope of this thesis. It includes the
prediction of uplift and settlement in tension and compression, respectively. Classical con-
solidation theory is utilised to estimate vertical displacements in compression (Boussinesq,
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1885; Terzaghi and Frohlich, 1936). Positive values indicate compression and displacements
in the downward direction, whereas negative values represent tension and displacements
in the upward direction, although this may differ from the nomenclature in the original
references.

4.4.1 General concept and basic assumptions

The presented method utilises different equations for different loading states. Therefore,
the actual loading state is to be checked at the beginning of each calculation step. This
is done as follows: First, the current load is evaluated as being compressive or tensile.
Second, loading or unloading are differentiated. Consequently four different loading stages
are possible: (1) compressive loading, (2) compressive unloading, (3) tensile loading, (4)
tensile unloading.

Since the presented calculation method follows the principles as laid out by Houlsby
and Byrne (2005b) and Houlsby et al. (2005), several assumptions and specifications are
adopted. The load bearing behaviour is simplified as the calculation of the tip resistance
is neglected. This assumption is considered to be reasonable since full lid contact is ex-
pected. This implies that the tip resistance carries only a marginal portion of the load
compared to the lid under the assumption of full lid contact. Furthermore, it is expected
that the soil at the skirt tip is disturbed during cyclic loading. The effective skirt friction
is calculated in each time step under consideration of the actual excess pore pressure dis-
tribution. Changes in effective plug permeability during tensile loading and unloading are
accounted for following the principles laid out by Houlsby and Byrne (2005b). Further-
more, the onset of liquefaction and cavitation due to rapid tensile loading is taken into
account in accordance with Houlsby et al. (2005).

4.4.2 Calculation scheme for compression

The compressive differential stresses Ao, ; can be calculated from Equation 4.15 (Boussi-
nesq, 1885):

V - En - Fou 1
Ao, ; = - (4.15)

3
out Dou 2 2
! ((25) + 1)
where V' is the vertical load. F;, and F,; are the internal and external skirt friction.
The differential stresses are calculated for a finite number of fictive soil layers located in
their respective depths z; below the caisson lid, which are enumerated through the index

j. According to Terzaghi and Frohlich (1936), the coefficient of consolidation ¢, and the
dimensionless time factor 7 yield the degree of consolidation p.:

T ot E kst
c=2- i =2 2 =g 2 4.16
K s w2 VT L? (4.16)
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The dimensionless vertical displacement Az/L resulting from compressive loading or un-
loading can be obtained from Equation 4.17:

AZ MC j:jmaz
S ]:

where d; is the thickness of the respective soil layer and E; represents the stiffness modulus,
acknowledging that the actual soil stiffness depends on the loading history and direction.

4.4.3 Calculation scheme for tension

Tensile load is carried through the internal Fj, and external F,,; skirt friction and the
differential pressure s at the lid invert (Houlsby et al., 2005):

2
mD;,

4
Differential pressure is mobilised if the applied load exceeds the frictional capacity. The
internal and external skirt friction are obtained from Equations 4.19 and 4.20, which take

the influence of the seepage flow into account. This approach was originally proposed by
Houlsby and Byrne (2005b):

V/:Fin+F01Lt+

s (4.18)

L? 1-—
F, =1 ~ (1-a)s Din (K tand);, (4.19)
2 L
L2
Fout - % (’}/ + a[f) Dout<K tan (S)out (420)

The pressure factor a, was determined from numerical calculations (Houlsby and Byrne,
2005b). The results can be recalculated by means of an analytical approximation:

a,lkip
(1 — al) + CLk’F

L
a, =a; =cyp—C <1 —exp <_0D>) (4.22)
2

where kp = ky,/kow represents the ratio between the effective internal k;, and external
ko effective permeability. The coefficients ¢y = 0.45, ¢; = 0.36, and ¢; = 0.48 are taken
from Houlsby and Byrne (2005b). Equation 4.19 to 4.22 were originally developed for the
prediction of the suction pressure required for the caisson installation in sand. The hy-
draulic mechanisms during tensile loading are comparable to those that are present during
the suction installation. Hence, this approach was deemed applicable. However, a reversed
seepage flow direction is present during unloading. Thus, the modified Equation 4.24 is
required.

(4.21)

Clp:

+ ) Dy (K tan 6) (4.23)

L? 1—
Fout,ul = L (7/ - ﬂ Dout(K tan 5)out (424)
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4.4.3.1 Small displacement rates

The equations proposed by Houlsby and Byrne (2005b) and Houlsby et al. (2005) are
combined and rearranged so that the differential pressure can be obtained:

Vi— A
= 4.2
T B1C (4.25)
’yIﬂ'LQ
A= 5 (D (K tan 6) i, + Dowt (K tan 6) ) (4.26)
7TDZ~2n
B (4.27)
7L
C = 5 (Din(K tan 6) (1 — a) + Doy (K tan 6) gy (a)) (4.28)

The presented equations are applicable for relatively small displacement rates during ten-
sile loading, which supposes the absence of liquefaction and cavitation. The calculation of
the differential pressures during tensile unloading requires Equation 4.29.

Cu= 7T2L (Din(K tan 6)in(a) + Doyt (K tan §)ou: (1 — a)) (4.29)

4.4.3.2 Large displacement rates

Small displacements are considered to be exceeded as soon as cavitation or liquefaction
occur. Cavitation or liquefaction can arise either independent from each other or simulta-
neously. Thus, each possible state is to be considered (Houlsby et al., 2005).

The differential pressure obtained for small displacement rates is limited by the cavitation
pressure Seq, = Po(1— f) 4+ Ywhiw, which is the sum of the atmospheric and the hydrostatic
pressures. The onset of plug liquefaction is reached as soon as the differential pressure
exceeds 7' L/(1—a) (Houlsby et al., 2005). Thus, the differential pressure can be calculated
from Equation 4.30 before the cavitation limit is reached.

Vl
WTD?(l + 2L(K tan §)out))

S = Syl =

(4.30)

4.4.3.3 Calculation of vertical displacements

Once a differential pressure inside the caisson is present, seepage flow will occur. The
inflow of water and therefore, the volume change of the plug can be obtained from Darcy’s
law. Based on the findings by Houlsby and Byrne (2005b) and Houlsby et al. (2005), the
vertical displacement rate can be calculated as:

Fk;,
b= oo (4.31)
T Yul
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where FY,, is the dimensionless flow factor for caissons with an aspect ratio of 0.1 <
L/D < 0.8, which is given through Equation 4.32:

(1 — (I)ﬂ'kp

(4.32)
45

Fflow =
In contrast to Houlsby et al. (2005), k;,, instead of ko, is employed in Equation 4.31. This
is reasonable for small displacement rates, since kr = 1 was found to be reasonable here.
Analogue to Houlsby et al. (2005), Equation 4.31 is also utilised when large displacement
rates occur. Since the limitation of laminar flow in Darcy’s law might be exceeded, the
dimensionless flow factor is modified. The onset of liquefaction includes a significant in-
crease in effective permeability. Thus, the dimensional flow factor during liquefaction is
estimated by means of Equation 4.32, but it is recommended to consider upper bound kg
values.

Once the displacement rate is calculated, the normalised vertical displacement can be
estimated through the multiplication with the corresponding differential time At:

Az ZAt

L L
The presented simplified prediction method is mainly based on the consolidation theory.
This implies that volume changes and therefore caisson displacements depend on the
drainage mechanism. Consequently, undrained response is not captured. However, this
method is applicable for partially drained conditions, which are expected to be present
around suction caisson foundations embedded in sand layers.

(4.33)



5 Installation in sand

This chapter features investigations on the suction caisson installation in sand. The results
of two parallel series of centrifuge tests and numerical analyses are discussed. A potential
influence of the suction installation on the load bearing behaviour is discussed in Chapter 6.

5.1 Centrifuge tests

5.1.1 Experimental arrangement and testing procedure

Two parallel series of centrifuge tests were performed: One series featured the suction
installation with a subsequent CPT inside the suction caisson. The other series includes
cyclic loading tests following the suction installation. The experiments were performed at
100g in the Acutronic Model 661 centrifuge (Randolph et al., 1991; Randolph and Gaudin,
2017) at UWA. These model scale tests had the following requirements to ensure a realistic
stress state:

o Caisson penetration at stress levels representative for prototype scale was required.
Thus, the caisson had to be suspended just above the sand surface until the centrifuge
had reached the target acceleration.

e The installation was to be done in a controlled manner to ensure reproducible con-
ditions for each subsequent testing procedure — i.e. CPTs or cyclic loading tests.

o The CPTs and the cyclic loading were to be performed without stoppage of the
centrifuge to retain the soil stress state resulting from the suction installation.

o CPTs at free field sites were to be performed before and after the caisson tests to
characterise the soil samples itself, to confirm uniformity of each sample used in
this study and to facilitate comparisons between CPT profiles obtained within the
suction caisson, and at the free field sites, respectively.

5.1.1.1 Centrifuge test arrangements

While similar conditions for the suction installation were targeted, different test arrange-
ments were employed for the two complementary series of centrifuge tests discussed. All
tests were conducted in strong boxes, which were 325 mm high, 350 mm long and 390 mm
wide. The strong box was filled with a filter layer beneath the sand sample (see Figure 5.1).
Both test series featured a minimum sample height of 200 mm. The water table had to be
at least 100 mm above the sand surface to ensure that the model caisson, including the
three way valve, was submerged to minimise changes in buoyancy during the installation.
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5.1.1.2 Test set-up for CPTs inside the caisson

The performance of a CPT inside the caisson — a testing method inspired by the work of
M. N. Tran (2005) — required several improvements before the suction caisson installation
and the CPT in one flight became feasible. Two caissons with similar diameters and aspect
ratios of D/L = 0.5 and D/L = 1 were manufactured and equipped with the same set
of sensors. In this set-up the CPT was clamped to the actuator and the caisson was con-
nected to the actuator with a steel wire. The purpose of this set-up presented in Figure 5.1
was suspension of the foundation prior to testing. In addition, this arrangement allowed
self-weight penetration to take place at a controlled rate. It also enabled the performance
of the CPT without stopping the centrifuge, which is a major improvement compared to
the set-up presented by M. N. Tran (2005). Additional details of this centrifuge test set-up
are presented in Appendix B.1.

In this arrangement, the model caisson and the CPT were lowered without relative dis-
placement. The vertical movement was controlled via a feedback loop, maintaining a con-
stant distance measured by the linear displacement transducer (LDT) shown in Figure 5.1.
A guide rod arrangement ensured verticality during the installation. The rod connected
to the caisson also contributed to the targeted self-weight of 350 N in model scale, i.e.
3.5 MN in prototype scale.

The miniature cone shown in Figure 5.1 had a diameter of D, = 6.3 mm and was manu-
factured specifically for these tests. The cone tip was placed inside the caisson lid during
the suction caisson installation. The opening was sealed with two o-rings. As described in
detail in Stapelfeldt et al. (2018), the utilisation of this small diameter cone ensured the
insertion of a minimum volume object while maximising its rigidity as well as its clearance
from the skirt. Thus, a minimum distance between the cone and the skirt of at least three
times the cone diameter was maintained.

5.1.1.3 Caisson model and test instrumentation

The model caissons had a diameter of D = 80 mm and a skirt length of L = 40 mm, which
when tested at 100g represents a diameter D = 8m and a skirt length of L = 4m in
prototype scale. The model caisson without CPT inlet, previously used by Bienen et al.
(2018a) and Bienen et al. (2018b), was manufactured from a solid block of aluminium
(see Figure 5.1). The modified caissons for the tests including the CPT through the lid
were manufactured with similar dimensions form a solid block of aluminium. The wall
thickness of the skirt was ¢ = 0.5 mm, which corresponds to a prototype wall thickness of
t = 50mm. In addition to this caisson with an aspect ratio L/D = 0.5 a second set of
caissons with the same diameter but an aspect ratio L/D = 1 was also used. The skirt of
this L = 80 mm long caisson also had a model wall thickness of ¢ = 0.5 mm. This yields a
ratio of D/t = 160 for each model caisson.

Each caisson was equipped with a pore pressure transducer (PPT) and two total pressure
transducers (TTP) — one at the lid invert and another one at the top of the lid. The caisson
model was connected to a load cell with a maximum capacity of 8 kKN by means of a rigid
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Figure 5.1: Centrifuge test set-up for the suction caisson installation followed by a CPT
through the lid.

rod for the cyclic loading tests (see Chapter 6). The self-weight and the loading of the
model caisson were applied with the actuator that was controlled through a feedback loop
from the load cell. The displacement of the caisson was recorded by means of the LDT
that had a maximum extension length of L;p7 me, = 100mm in both test series.

A camera was mounted on top of the vertical actuator carriage with the purpose of show-
ing the status of the three way valve. The three way valve on the caisson lid was able
to vent to ambient, to connect the caisson to the syringe pump, and to be sealed (see
Figure 5.1). The three way valve was operated by an electric winch positioned next to the
actuator support beams by means of a pulley system. The syringe pump (House, 2002)
was mounted on the back of the strong box as shown in Figure 6.1b.
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The performance of the pulley system was controlled by an additional camera located
on the edge of the strong box. This camera also provided a side view of the installation.
The light panel next to the camera was required to ensure sufficient illumination of the
experimental apparatus.

5.1.1.4 Soil sample and pore fluid preparation

The dry soil sample was prepared in two steps: First a filter layer consisting of coarse sand
was constructed at the base of the strong box. This layer had a thickness of approximately
20 mm and was covered with a geotextile. The fine silica sand was pluviated from a height
of approximately 1.2 m by means of an automatic pluviator. After reaching a total sample
height of at least 200 mm, the surface was vacuum levelled. The unit weight was determined
from weight and volume measurements. The relative densities D, for the three samples
used in this study were 0.84 £ 0.03. The peak friction angle of fine silica sand is ¢, = 43°
at 0 = 20kPa (Lehane and Q. B. Liu, 2013). The particle size distribution of fine silica
sand is presented in Figure 5.2. The minimum void ratio is €,,;, = 0.46 and the maximum
void ratio is €., = 0.79. The grain size distribution of Baskarp sand, which is similar
to fine silica sand, is also presented. However, Baskarp sand has more angular grains and
shows enhanced dilation compared to fine silica sand (Bienen et al., 2018b).
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Figure 5.2: Particle size distributions.

Each sand sample was saturated from the base after the pluviation. Under consideration
of scaling laws for cyclic loading at 100g conditions, the viscosity 1 of the pore fluid
was increased from approximately 7, = 1c¢St for water to n = 100 ¢St by means of the
addition of methyl cellulose ether (DOW, 2002). Hereby, an effective permeability of the
soil sample of k; = 1-107*m/s at 100g was targeted. The effective permeability of the
saturated soil can be adjusted trough the amount of methyl cellulose ether powder diluted
in water. Through the addition of more methyl cellulose ether powder, the viscosity of
the pore fluid was increased to n = 300 ¢St in sample no. 2. Thus, a prototype effective
permeability of ky = 3.3 - 107°m/s was achieved. This allowed investigation of the effect
of uncertainty in the in situ effective permeability. The effective permeability coefficients
are representative of typical North Sea sands (Tan and Scott, 1987; Taylor, 2011).
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5.1.1.5 Sample characterisation: CPTs at free field sites

Before and after the suction caisson models were tested, CPTs were performed at 100g.
A centrifuge scale penetrometer with a model diameter of D, = 10mm and a smaller
one with a diameter of D, = 6.3 mm were penetrated into the soil at a constant rate of
Uept = 1mm/s, which is expected to result in drained conditions (Finnie and Randolph,
1994). The CPTs were performed to confirm the soil characteristics and the uniformity
within and between each sample.
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Figure 5.3: CPT profiles from soil sample no. 1 (CPT 1 & 2), sample no. 2 (CPT 3 to 8),
and sample no. 3 (CPT 9 to 15).

Figure 5.3 shows all CPT profiles of cone tip resistance ¢. with penetration depth z nor-
malised by the caisson skirt length L = 40 mm. The presented profiles confirm the unifor-
mity within and between each soil sample. CPTs with both penetrometers — D,y = 10 mm
(solid lines) and D,y = 6.3 mm (dashed lines) — were conducted in sample no. 2 and no. 3.
It is noted that CPT profiles from both penetrometers are similar. This ensures compa-
rability between the cone tip resistance profiles obtained at the free field sites and those
obtained from the D, = 6.3 mm CPTs through the caisson lid.
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5.1.1.6 Testing nomenclature

Table 5.1 summarises all 15 suction caisson tests. The tests were named as follows:

e The letters INST characterise tests where a CPT was conducted through the lid
following suction caisson installation. The letters CYC indicate that a cyclic loading
test followed the suction installation.

e The numbers 1, 2, 3, 4, 5 form groups of tests that feature similar pumping flow
rates during the suction caisson installation.

o The letter H represents tests in sand with a higher effective permeability, while L
indicates a test in sand with a lower effective permeability.

o The last letter(s) indicate(s) different pumping flow rates: S = slow, MS = medium
slow, M = moderate, F = fast, SF = super fast.

5.1.1.7 Testing procedure

Each test summarised in Table 5.1 was performed in a different location inside the strong
boxes. A total of six cyclic loading tests that featured the same installation process as the
corresponding tests with a CPT through the caisson lid were performed, which manifests
the reproducibility of the utilised installation method. It is noted that all four installations
conducted with suction caissons that had a model skirt length of L = 80 mm were not
completed due to premature refusal. The CPTs were performed inside the incompletely
installed caissons. However, test CYC-1-H-MS had to be terminated once the refusal oc-
curred and no CPT was conducted.

Table 5.1: Centrifuge testing programme.

Test name Permeability PFLR? Skirt length
CPT inside®  Cyclic load” ky (m/s) q (mm?/s) L (mm)
INST-I-H-S  CYC-L-HS  10-10% 266.2 (512.4)° 40
INST-1-H-MS CYC-1-H-MS  1.0-107* 332.8 80
INST-2-H-M  CYC-2-H-M 1.0- 1074 665.6 40
INST-3-H-F CYC-3-H-F 1.0- 1074 1664.0 40
INST-3-H-SF - 1.0 - 1074 2662.4 80
INST-4-L-M CYC-4-L-M 3.3-107° 665.6 40
INST-5-L-F CYC-5-L-F 3.3-107° 1664.0 40
INST-5-L-SF - 3.3-107° 2662.4 40
INST-5-L-SF2 - 3.3-107° 2662.4 80

* PFLR = pumping flow rate
b Type of test after the installation
¢ Increased during the installation
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5.1.1.8 Caisson installation

The suction caisson installation for both parallel series of tests was performed as follows:

(1)

(3)

The self-weight penetration was performed under load control at a constant loading
rate of 1 N/s in model scale. A total vertical load of V' = 350N was applied on the
model caisson, which equals V' = 3.5 MN or V/A = 70kPa in prototype scale. The
initial load on the actuator during the installations for CPTs through the lid was
equal to the submerged self-weight. This load was reduced to zero at a constant rate
of 1N/s during the self-weight penetration. At this point the steel wire went slack
and the self-weight penetration terminated. The three way valve vented to ambient
until the self-weight penetration completed.

Once the self-weight penetration stopped, the valve was switched to achieve a hy-
draulic connection between the caisson internal and the syringe pump without stop-
ping the centrifuge. A constant pumping flow rate was applied and maintained until
the caisson penetration stopped.

The in-flight suction caisson installation was completed by sealing the valve without
stopping the centrifuge.

5.1.1.9 CPT through the caisson lid

The CPTs inside the caissons were performed subsequently to suction caisson installation
as follows:

(1)

(2)

A waiting period of at least 60s at 100g was maintained before the CPT commenced
to ensure that the suction pressure inside the caisson had dissipated.

Subsequently and without stopping the centrifuge, the CPT was performed through
the caisson lid at a constant penetration velocity of v,y = 1 mm/s, which is expected
to result in drained conditions (Finnie and Randolph, 1994). The cone was penetrated
into the soil sample until a a depth of at least z/L = 1.2 was reached. The maximum
penetration depth was limited by the clearance between the guide rod and the bottom
plate of the lower actuator clamp.

Once the maximum penetration depth was reached, the cone penetrometer was ex-
tracted from the soil until the tip retracted inside the caisson lid again. The tests
were terminated before the caisson was disturbed by subjecting the steel wire to
tension.

5.1.2 Results and discussion

The experimental results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.
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5.1.2.1 Suction caisson installation

Figure 5.4 shows the achieved self-weight and suction-assisted total penetration depths.
The majority of installations were terminated at more than z/L = 0.85 skirt penetration.
The soil displaced by the skirt volume increases the plug volume by approximately 2 % —
assuming that 50 % of the displaced sand moves inwards during the self-weight penetration
and 100 % moving into the caisson during the suction installation. Consequently, a skirt
penetration of z/L =~ 0.98 indicates full installation without plug heave. Full installation
is also indicated through the distinct change in gradient, which is visualised in Figures 5.5
and 5.6 — i. e. the establishment of lid contact is presumed to stop the caisson penetration.
Table 5.2 shows that total skirt penetration depths of z/L < 0.98 were achieved in most
tests. Thus, the occurrence of plug heave is likely.

Table 5.2: Normalised penetration depths including settlements after during static loading.

Test name Penetration depth z/L
Swps  SIP SLe SUL4
INST-1-H-S 0.478 0.930 - -
INST-1-H-MS®  0.282 0.527 - -
INST-2-H-M 0.363  0.803 - -
INST-3-H-F 0.478 0.941 - -
INST-3-H-SF¢  0.189  0.460 - -
INST-4-L-M 0.509 0.932 - -
INST-5-L-F 0.568 0.954 - -
INST-5-L-SF 0.459 0.937 - -
INST-5-L-SF2¢  0.213  0.440 - -

CYC-1-H-S 0.562 0.967 0.971 0.968
CYC-2-H-M 0.515 0.867 0.873 0.870
CYC-3-H-F 0.471 0.913 0.926 0.924
CYC-4-L-M 0.483 0.905 0.908 0.906
CYC-5-L-F 0.575 0.992 0.996 0.995

ASWP = self-weight penetration; "SI = suction installation;
¢SL = static loading; 4SUL = static unloading; °L = 80 mm

Table 5.2 shows a similar settlement response for each caisson when the static vertical
load was increased to V/A = 116 kPa. Since the sum of the calculated tip and measured
skirt resistance V/A ~ 88kPa is exceeded, the lid is expected to transfer stresses into the
soil plug. This also indicates that partial or full lid contact is likely to be present in most
tests regardless of the achieved skirt penetration depth.

Since different skirt penetration depths were achieved, a possible influence of the applied
suction pressure is evaluated: The development of the normalised suction pressure during
skirt penetration is presented in Figure 5.7 and follows an almost linear trend. Moreover,
it appears to be independent of the pumping flow rate. This findings are reasonable since
the measured values scatter around the predictions in accordance with Houlsby and Byrne
(2005b), using ¢, = 43°, m = 1.2, Ktan(§) = 0.15, and ki, [k = 1.
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Figure 5.4: Normalised penetration depths of tests with CPT (a) and cyclic loading (b).

The curves shown in Figure 5.5a and 5.6a emphasise that a specific pumping flow rate
leads to a related caisson penetration velocity. Furthermore, a comparison between suction
caisson installations for tests with CPT through the lid and installations for cyclic loading
test show a similar response to the same pumping flow rate. This demonstrates that the
suction caisson installation is reproducible in the centrifuge environment at 100g.

The test INST-1-H-S, INST-1-H-MS, CYC-1-H-S, and CYC-1-H-MS were installed at rel-
atively slow pumping flow rates. This results in a prototype caisson penetration rate of
AZ =~ 0.18m/h in the beginning, which implies a prototype skirt penetration of two me-
ters (Az/L = 0.5) in t &~ 11h of suction installation. The penetration rate immediately
slowed down and tended to zero at a relative penetration depth of Az/L = 0.2. Hence,
the pumping flow rate was doubled at this point to avoid premature refusal (see Table 5.1).
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Figure 5.5: History of caisson penetration rates (a) and normalised caisson penetration
rates (b) measured during the installations for CPTs through the lid.

Figures 5.5b and 5.6b show the history of the normalised caisson penetration rate that
links the pumping flow rate to the suction pressure and the actual drainage conditions in
accordance to Houlsby and Byrne (2005b). A value of AZA isson/AZApump = 1 implies no
seepage losses, i.e. complete transferral of the pumping flow rate towards penetration of
the suction caisson skirts; values less than 1 indicate seepage losses and hence less efficient
suction installation. The normalised caisson penetration rate shown in Figure 5.5b and
5.6b and therefore the suction pressure transferral, rapidly decreased when a relatively
slow pumping flow rate was applied. This behaviour indicates soil plug loosening due to
the ongoing seepage flow and minimum caisson penetration rate. This implies that the
skirt tip resistance is not reduced sufficiently, which eventually leads to premature refusal.
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Figure 5.6: History of caisson penetration rates (a) and normalised caisson penetration
rates (b) measured during the installations for cyclic loading tests.

Pivotal plug loosening is furthermore expected to be accompanied by a distinct drop in
internal suction pressure. Since Figure 5.7 does not indicate this, an insufficient reduction
of the tip resistance is found to be the primary reason of the decreasing caisson penetration
rate. However, loosening is indicated by a decreasing normalised caisson penetration rate
presented in Figures 5.5b and 5.6b. Consequently, plug loosening is present to a certain
extent, but does not trigger premature refusal.

In order to prevent refusal from insufficiently reduced skirt tip resistance, the pumping
flow rate was doubled, which marks the point of the distinct change in gradient of the (nor-
malised) caisson penetration rate. Based on the overall behaviour represented by Figure 5.5



42 5 Installation in sand

Normalised suction pressure s/(y D)

S 0o 0.1 0.2 0.3

N ‘8 —@— INST-1-H-S
< —%— INST-1-H-MS
g 01 —— INST-2-H-M
153 —A&A— INST-3-H-F
T o2 —)p— INST-3-H-SF
S INST-4-L-M
S o3 INST-5-L-F
o —4— INST-5-L-SF
Q INST-5-L-SF2
o 04 — @ —CYG-1-H-S
= — % —CYC-1-H-MS
© 05 — % —CYC-2-H-M
3 — A —CYC-3-H-F
2 06 CYC-4-L-M
I CYC-5-L-F

S -

5 Prediction

=z

o
3

Figure 5.7: History of normalised suction pressure.

and 5.6 it is presumed, that the increased pumping flow rate ensured the maintenance of
the suction pressure and therefore enabled a successful installation. The test results pre-
sented in Figure 5.5 and 5.6 confirm and extend the conclusion of Bienen et al. (2018b)
as a more comprehensive range of caisson penetration rates was achieved.

The results from tests INST-2-H-M, INST-4-L-M, CYC-2-H-M, and CYC-4-L-M plotted in
Figures 5.5 and 5.6 represent caissons installed at a moderate pumping flow rate. A mod-
erate pumping flow rate is similar to a prototype caisson installation of two meters of skirt
length in ¢t ~ 5.5h. A nominally constant model caisson penetration rate of AZ ~ 0.1 mm/s
and a pumping flow rate transferral of AZA qiss0n/ A% Apump ~ 0.65 to 0.85 was maintained
for the majority of the suction installation process.

Those four moderate pumping flow rate tests provide insights into the following aspects:
Compared to the installations at lower pumping flow rates, a more uniform caisson pene-
tration rates are achieved. Moreover, this indicates that a moderate pumping flow rate in
those particular tests provides a certain balance between seepage flow and caisson pene-
tration velocity that favoured complete caisson installations. Furthermore, the comparison
to tests conducted in higher (INST-1-H-MS and CYC-1-H-MS) and lower (INST-4-L-M
and CYC-4-L-M) effective sample permeabilities confirms the expectation that a lower ef-
fective permeability benefits the uniformity of the caisson penetration rate as less seepage
flow occurs (see Figures 5.5 and 5.6).

Maximum caisson penetration rates between Az ~ 0.23 and 0.33 mm/s were reached dur-
ing the seven installations at relatively fast pumping flow rates. The seven caissons slowed
down at a similar rate during the course of the installation. Increased seepage losses oc-
curred in tests INST-5-L-F and CYC-5-L-F that were performed in less permeable soil
than in tests INST-3-H-F and CYC-3-H-F, which were conducted in a more permeable



5.1 Centrifuge tests 43

soil sample. This is contradictory to the behaviour observed in tests at moderate pumping
flow rates. However, the considered caissons were successfully installed at slightly larger
penetration depths compared to the ones at moderate pumping flow rate. This also holds
for test INST-5-L-SF, which is the caisson that was installed successfully at the fastest
pumping flow rate applied during the presented series of experiments.

It is summarised that the results indicate that a slow pumping flow rates favours plug
heave due to the presence of seepage flow and the absence of caisson penetration, which
is consistent with M. N. Tran et al. (2004). The test results confirm that there is a certain
minimum pumping flow rate above which suction installation is successful (Bienen et al.,
2018b). The minimum pumping flow rate can be predicted in accordance with Houlsby
and Byrne (2005b). Furthermore, the evaluation of test results featuring a wide range of
pumping flow rates does not indicate any systematic correlation between pumping flow
rate and the suction pressure, the plug heave, or the achieved penetration depths. Hence,
it is presumed that the effect of the suction installation history is marginal.

5.1.2.2 CPTs characterisation of the soil plug

Four CPTs inside the installed suction caissons were conducted in addition to those pre-
sented in Stapelfeldt et al. (2018). All CPTs shown here are renamed to facilitate compar-
ison. The tests discussed in Stapelfeldt et al. (2018) are marked with their previous names
in addition. The CPTs inside the caisson are plotted together with the free field CPTs in
Figure 5.8 for comparison. The free field CPTs were conducted in undisturbed soil at sites
in the same soil samples.

Based on the CPTs discussed in Stapelfeldt et al. (2018) no clear influence of the suction
installation on the cone tip resistance was found — although plug heave and loosening were
considered as a probable result of fast installations. The additional tests provide a more
comprehensive data base, which confirms the previous results. The CPT profiles obtained
from test INST-3-H-F and INST-3-H-SF, which were installed at high pumping flow rates,
show similar or higher cone tip resistance compared to test INST-3-H-M, which was re-
ferred to as Test 4 in Stapelfeldt et al. (2018).

The installation of the L = 80mm model caisson in test INST-3-H-SF terminated at
2/ Lgo = 0.46, while test INST-3-H-F featuring the L = 40 mm model caisson was installed
completely. Stapelfeldt et al. (2018) supposed that an increased cone resistance results
from regaining strength of the soil plug after the suction installation within the confine-
ment of the caisson skirt — even without lid contact. These additional results confirm the

conclusions of the previous study, because an increased cone resistance was measured in-
side completely (INST-3-H-SF) and partially (INST-3-H-F) installed caissons.

Furthermore, test INST-1-H-S shows a similar cone resistance compared to test INST-3-
H-F before the gradient eventually changes close to a depth where the cone tip passes
the skirt tip. Some plug heave was likely to occur in test INST-1-H-S as discussed above.
The respective CPT inside the caisson does not indicate a permanent impact on the plug
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Figure 5.8: CPTs before and after caisson installation.

state — e.g. the presence of significantly lower cone resistance that would indicate plug
loosening and therefore heave. Based on the achieved penetration depth of z/L = 0.930,
it is likely that lid contact was present here. Consequently, the additional results confirm
that lid contact rather than the suction installation dominate the stress state of the soil
plug (Stapelfeldt et al., 2018) — i.e. the effect of the suction installation on the soil plug
state is marginal.

5.1.3 Remarks on the centrifuge tests

The discussed results from two parallel series of centrifuge tests confirm that it is possible
to install a suction caisson at a minimal pumping flow rate. A sufficient penetration depth
close to full skirt penetration was also achieved at significantly higher pumping flow rates.
The related cone tip resistance profiles inside the caisson do not indicate a major influence
of the pumping flow rate on the formation of plug heave and loosening.

Several cone tip resistance profiles show a distinct change in gradient, but others do not.
Stapelfeldt et al. (2018) found that the achieved penetration depths have an influence in
this case. Test INST-3-H-F achieved a penetration depth of z/L = 0.941, which indicates



5.2 Numerical simulations 45

that the lid is at least partially in contact with the soil plug. However, the corresponding
cone tip resistance profile shows only a marginal change in gradient. Further investiga-
tions on a possible influence of plug loosening or partial lid contact were performed by
Stapelfeldt et al. (2020). The presented results are based on finite element simulations
and provide further insights: The discussed FEA results show that the confinement inside
the skirt plays a certain role, but the compression applied to the soil plug through the
lid invert determines the cone resistance inside the suction caisson. Partial lid contact has
also been addressed by Stapelfeldt et al. (2020). The numerical analyses results suggest
that this is the case in several centrifuge tests, which is plausible under consideration of
the actually achieved penetration depth of z/L < 1. The presented numerical simulations
therefore reinforce the findings obtained from the centrifuge experiments.

The additional FEM simulations clarify the matters considering the CPT inside the cais-
son. However, the mechanisms underlying the suction caisson installation remain invisible
in the presented studies. Ragni et al. (2018) and Ragni et al. (2019) introduced a method
that enables PIV post analysis of images obtained in a centrifuge environment to visualise
the suction caisson installation. However, further investigations remain necessary:

(1) Centrifuge tests involving a half-model caisson for PIV analyses are limited to thick-
walled model caissons yielding in ¢/D = 25 or less (Ragni et al., 2019). Are the
mechanisms underlying the self-weight penetrations and the suction installation in-
fluenced by the t/D ratio?

(2) The existing database of half-model installation in sand is limited to a model caisson
diameter of D = 50mm (Ragni et al., 2018; Ragni et al., 2019). Could a larger
diameter lead to different mechanisms as less confinement of the soil plug is present?

(3) Sand characterised by high friction angles is often utilised in laboratory tests. How-
ever, offshore sites may feature sand with lower friction angles. To what extend
does the soil shear strength influence the mechanisms underlying the suction caisson
installation?

(4) If the lid touches down on the soil plug, an inversion of the soil plug heave is expected
up to a certain degree. But, this state was not evaluated in the experimental study
presented by (Ragni et al., 2019). What are the mechanisms occurring when lid
contact is established and how do they influence the soil plug state?

5.2 Numerical simulations

A MPM model capable of the simulation of the jacked penetration and suction installation
of a caisson is utilised for further investigations. The numerical simulations target the
visualisation of the mechanisms underlying the suction caisson installation. The study
consists of two steps: First, a comparison to the centrifuge test results presented in Ragni
et al. (2018) and Ragni et al. (2019) is employed for validation. In a second step, variations
of the model dimensions and the material parameters are investigated in order to answer
the questions above.
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5.2.1 Numerical modelling and testing procedure

The numerical simulations are performed with a modified version of the MPM code
Anura3D 2019.1. The modifications were discussed in Chapter 4. The numerical model
has the following requirements:

o The simulation of a caisson skirt penetration into the soil has to be feasible. The
caisson skirt penetration causes predominantly plastic deformations at the skirt tip.
Thus, the numerical model has to capture large deformations and elastic-plastic
constitutive behaviour.

o The skirt wall interacts with the surrounding soil through interface friction. Thus,
a contact formulation accounting for friction and relative displacement between the
skirt and the soil is required.

o The suction installation additionally requires the calculation of the pore pressure field
resulting from a pressure differential between the internal suction pressure and the
ambient hydrostatic pressure. The suction installation is dominated by the resulting
pore pressure regime and ongoing large deformations at the skirt tip.

The numerical model for the MPM simulations shown in Figure 5.9 features the cais-
son that is pre-embedded in the soil. The dimensions shown in Figure 5.9a were derived
from the centrifuge tests and are also found to minimise boundary effects in the numeri-
cal simulations. The two-dimensional axisymmetric model consists of triangular elements
containing three MPs each in the beginning of the analysis. The mesh shown exemplary
in Figure 5.9b illustrates small elements located close to the caisson. A more coarse mesh
is utilised further away from the area where the largest deformations are expected. The
model dimensions employed for each numerical simulation are summarised in Table 5.3.

Table 5.3: Numerical model caisson dimensions.
Model No. D (m) L (m) ¢ (cm)

10 ) ) 20
11 ) ) )
20 8 4 20

The horizontal displacements are locked at the axis of symmetry and outside the verti-
cal edge of the model geometry, while vertical displacements are permitted. The bottom
features zero vertical displacement boundary conditions. These three edges are also hy-
draulically impermeable. The displacements at the soil surface are unlocked, while solid
and liquid pressure boundary conditions applied on the MPs shown in Figure 5.9a are
utilised to establish the differential pressure. The caisson is modelled as a quasi-rigid body
as the horizontal displacement rate is Z; = 0 and a prescribed vertical displacement rate
Z, is utilised to control the caisson penetration.
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Figure 5.9: Dimensions (a) and discretization (b) of the numerical model utilised for MPM
analyses of the suction caisson installation in a uniform sand profile.

Drained conditions were present during the jacked self-weight penetration in the centrifuge
test. This ensured minimal soil disturbance and was expected to be consistent with pro-
totype installations. Hence, it was possible to model the soil as a one-phase continuum
for this kind of simulations. A transient pore pressure regime determines the course of the
suction installation. Thus, a v-w-formulation was employed for the numerical simulations
of the suction installation. This results in a further requirement: The utilisation of the
mixed integration scheme becomes necessary in order to minimise numerical errors due to
grid crossing, which results in artificial stress and pore pressure peaks (Jassim et al., 2013;
Fern et al., 2019). It is noted that advanced constitutive models — e. g. hypo-plasticity — are
prone to inaccurate solutions utilising the mixed integration scheme. Comparably simple
elastic-plastic models enable the visualisation of the underlying mechanisms. This satisfies
the requirements in this study. The underlying mechanisms are furthermore determined
by the pore pressure regime as well as large displacements and therefore mostly plastic
deformation. Hence, the Mohr-Coulomb constitutive model is employed.
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The model parameters summarised in Table 5.4 are determined under consideration of
laboratory test results summarised in M. N. Tran (2005), Lehane and Q. B. Liu (2013),
and Chow et al. (2018). The shear strength is slightly adjusted to ensure similarity between
the experimentally determined mechanisms and the calculation results. A reduced liquid
bulk modulus is utilised in order to minimise numerical errors. Furthermore, computational
costs are reduced, which is particularly important when fine meshed models are calculated.
The value given in Table 5.4 is a minimum value that avoids a major influence on the results
(Fern et al., 2019). The initial porosity n and the interface friction coefficient p are derived
from the results of the centrifuge experiments referred in Section 5.1.

Table 5.4: Model parameters for MPM simulations featuring fine silica sand.

Parameter Symbol  Unit Fine silica sand
Friction angle ") (°) 32 — 38
Dilation angle Y (°) 1
Effective cohesion d (kPa) 0
Young’s modulus E (MPa) 40 — 60
Poisson’s ratio v (-) 0.25
Intrinsic permeability K (m?) 1-107H4
Dynamic viscosity liquid N (kPa-s) 1-10°¢
Bulk modulus liquid K, (kPa) 20000
Density water Pw (t/m3) 1
Initial porosity n (-) 0.35 —0.375
Grain density solid Ps (t/m?) 2.65
Interface friction coefficient p (-) 0.15

The simulations are conducted according to the following procedure: First, the effective
stresses and, if necessary the hydrostatic pressure, are applied during the K, procedure.
The caisson is penetrated displacement controlled in a second step. The differential pres-
sure is applied simultaneously, if required. The caisson penetration rate and suction pres-
sure vary in each test. Therefore, the considered values are given in the following section.

5.2.2 Results and discussion

The MPM simulations were performed to address the remaining questions subjecting
the suction caisson installation in sand. The calculated results are presented in non-
dimensional form, unless stated otherwise. Positive values indicate compression and down-
ward displacements, whereas negative values represent tension and upward displacements.

5.2.2.1 Suction caisson installation mechanisms

In advance to further investigations, the simulated suction caisson installation is compared
to experimental results obtained from PIV analyses with the purpose to ensure that the
model features the relevant installation mechanisms (Ragni et al., 2019). Figure 5.10 com-
pares the experimental and the calculated results of a jacked caisson installation.
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Figure 5.10: Comparison between normalised resultant displacements during the self-
weight penetration obtained from PIV analyses (Ragni et al., 2019) on the
left hand side (LHS) and axisymmetric MPM analyses on the right hand side
(RHS) at normalised penetration depths of z/L = 0.15 (a,b); z/L = 0.30
(c,d); z/L = 0.45 (e,f); z/L = 0.60 (g,h).
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The numerical analysis results are obtained stepwise and are normalised in style of the
approach discussed in Ragni et al. (2019). The calculated results show a separated mech-
anism at shallow penetration depths that is similar to the experiments also shown in
Figure 5.10. A combined mechanism is present from a penetration depth of z/L = 0.3
in the experimental and the simulated results. The experimental results show some plug
heave developing throughout the entire course of the penetration, while only minimal plug
heave is visible in the calculated results at z/L = 0.45 and z/L = 0.6. It is additionally
noted that the area of large displacements at the skirt tip is spreading out wider in the
numerical simulations compared to the experiments.

The larger area affected by displacements below the skirt tip found in the simulation
is plausible, since the skirt tip is the area where the highest stresses occur. The model
Young’s modulus does not increase with growing stresses, but the stiffness modulus of the
soil utilised in the experiments does. Consequently, the resulting displacements are ex-
pected to differ. However, the key mechanism underlying the jacked installation is similar:
The soil is displaced symmetrically at the skirt tip in the experiment and in the numerical
simulation. This is plausible, because only a limited amount of plug heave is expected due
to the soil volume that is displaced inwards into the confined environment of the caisson
skirt. Hence, the numerical model is considered to be suitable for the simulation of the
jacked caisson installation.

The simulation of the suction installation requires additional input: the caisson penetration
rate Z and the internal suction pressure s. The fast caisson penetration of Test 3 (Ragni
et al., 2019) is utilised for comparison. The prototype and therefore the penetration rates
in the numerical model vary between z = 0.2m/s and Z ~ 0.08 m/s with depth. The corre-
sponding suction pressures shown in Figure 5.11 are calculated from the parameters given
in Ragni et al. (2019). A lower and upper bound estimate was found through the variation

Normalised suction pressure s/(+'D)
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Figure 5.11: Calculated history of the required suction pressure for the installation of a
thick-walled L = D = 5m caisson in sand (Ragni et al., 2019; Houlsby and
Byrne, 2005b).
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of kp = kin/kout, while the calculations follow the procedure presented in Houlsby and
Byrne (2005b). The suction pressure is normalised by the effective specific density of the
sand 7/ = 10.5kN/m? and the caisson diameter D = 5m.

The calculated results presented in Figure 5.12 feature the same inverted V-shaped mech-
anism that was observed by Ragni et al. (2019) at normalised penetration depth of
z/L = 0.28 and z/L = 0.51. However, almost no additional plug heave is calculated at a
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Figure 5.12: Comparison between normalised resultant displacements during the suction
installation in dense sand obtained from PIV (Ragni et al., 2019) (LHS)
and axisymmetric MPM (LHS) analyses at increasing normalised penetration
depths z/L = 0.28 (a,b); z/L = 0.51 (c,d); z/L = 0.74 (e,f).
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normalised penetration depths of z/L = 0.74 despite the application of the upper bound
suction pressure shown in Figure 5.11. The increase of the calculated suction pressure
diminishes slightly with the course of the caisson skirt penetration. In contrast, suction
pressures measured during experiments (see Figure 5.7) increase significantly as the tar-
get penetration depth is approached. Hence, the applied differential pressure is believed
to be to small. Therefore, an additional calculation featuring a maximum differential of
s = 100 kPa was conducted.

The calculated displacement contours shown in Figure 5.13 show that plug heave indeed
occurs due to the presence of increased internal suction pressure. The vertical displace-
ments show downward movement of the soil outside the caisson skirt due to the frictional
interaction. Upward displacement is observed inside the caisson. The largest heave occurs
in the middle of the caisson. The internal frictional interaction reduces the heave close to
the skirt. This behaviour is similar to the experimental results presented in Figure 5.12.
Consequently, it is demonstrated that the presented numerical model is suitable for the
simulation of the suction caisson installation in saturated sand.
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Figure 5.13: Normalised resultant (a) and vertical (b) displacements during the suction
installation in dense sand of a thick-walled caisson at a normalised penetration
depths of z/L = 0.75.

5.2.2.2 Influence of the skirt wall thickness

A downside of the half-model centrifuge tests discussed in Ragni et al. (2019) and Ragni
et al. (2019) is that they are limited to thick-walled model caissons due to the requirement
of the attached seal. These circumstances yield a ratio of t/D = 25, which differs from
prototype caissons usually featuring a considerably smaller skirt wall thickness featuring
typical ratios of at least t/D > 100. Therefore, the MPM approach is utilised to exam-
ine the applicability of the half model caisson experiments towards prototype applications.

The numerical model no. 11, which features a wall thickness and diameter ratio of ¢t/D =
100 instead of ¢t/ D = 25, is utilised for investigations on the skirt wall thickness. This re-
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quired a refinement of the mesh, because at least one element had to be utilised to model
the caisson skirt (see Figure 5.9). Hence, a sensitivity study was performed to ensure com-
parability between the previous results and the following ones. This study additionally
provides insights into possible mesh dependency.

The geometry of model no. 10 was meshed with a four times finer mesh compared to the
one utilised in the previous simulations. This modified model was utilised to recalculate
suction assisted installation. A comparison between Figure 5.12b and Figure 5.14 reveals
a slightly steeper and less united inverted V-shaped displacement contour. Thus, a cer-
tain mesh dependency is expectedly present as the investigated mechanism involves local
shearing failure. However, both simulations overall yield displacements that are similar to
the experimental results — i. e. plug heave is occurs in both calculations.
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Figure 5.14: Normalised resultant displacements during the suction installation of a thick-
walled L = D = 5m caisson in sand at a normalised penetration depth of
z/L = 0.3 simulated with a fine mesh.

The installation of a thin-walled caisson requires less suction pressure in comparison to
the previously investigated thick-walled caisson. Hence, the required suction pressure was
re-calculated (Houlsby and Byrne, 2005b). The results are summarised in Figure 5.15 and
are employed to apply the differential pressure to the MPM model. The caisson penetra-
tion rate from the previous analysis was maintained in order to ensure comparability.

The normalised resultant displacements around the skirt tip, which are visible in Fig-
ure 5.16, are similar to the ones observed in simulations with the thick-walled caisson.
However, the displacements of the plug are significantly smaller compared to the ones
illustrated in Figure 5.12b and 5.12d. This is plausible, because only approximately 1/8
of the soil volume is displaced during the course of the thin-walled caisson penetration.
However, the mechanisms underlying the suction installation — i. e. predominately inwards
directed soil displacement due to seepage flow, plug heave and the influence of the skirt
friction — are occurring independently from the skirt wall thickness. The only distinc-
tion that is found here is the extend of the plug heave due to soil displacement. Hence,
the results obtained from the numerical analyses reinforce the validity of the half-model
centrifuge test results presented in Ragni et al. (2018) and Ragni et al. (2019).
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Figure 5.15: Calculated history of the required suction pressure during the installation of
a thin-walled L = D = 5m caisson in sand (Houlsby and Byrne, 2005b).
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Figure 5.16: Normalised resultant displacements during the suction installation of a thin-
walled caisson in dense sand at a normalised penetration depths of z/L = 0.28
(a) and z/L = 0.51 (b).
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5.2.2.3 Influence of the caisson aspect ratio

The caisson aspect ratio and therefore the area of the soil plug could have an influence on
mechanisms underlying the suction caisson installation: The confinement and the shape of
the plug deformation contours can differ. The suction installation was therefore simulated
employing model no. 20 that features a caisson with a diameter of D = 8 m, a skirt length
of L = 4m yielding an aspect ratio of L/D = 0.5. The required suction pressure shown in
Figure 5.17 was calculated utilising the approach presented by Houlsby and Byrne (2005b).
The caisson penetration rate was taken from the previous tests.
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Figure 5.17: Calculated suction pressure required for the installation of a thick-walled
L =4m and D = 8m caisson in sand (Houlsby and Byrne, 2005b).

The results illustrated in Figure 5.18 reveal the presence of the same underlying mecha-
nisms that occurred in the previous simulations. However, the extend of the plug heave
is smaller compared to the D = 5m caisson. In addition, the mechanisms are almost sep-
arated and therefore hardly forming an inverted V due to the larger ratio of t/D = 40.
Based on the results obtained from the numerical simulations it is concluded that inclined
displacement zones occur independently from the caisson aspect ratio. However, a dis-
tinctly unified V-shaped plug heave mechanism requires a certain confinement, which is
only present within caissons with an aspect ratio L/D > 0.5 in this study.

5.2.2.4 Effect of the relative density and shear strength

Dense sands characterised by a narrow grain size distribution and of more than ¢ > 35°
friction angle, like fine silica sand (Lehane and Q. B. Liu, 2013), are often utilised in
experimental test series (Houlsby et al., 2005; Nielsen et al., 2015; Ragni et al., 2019).
However, caisson foundations are also expected to be applicable at offshore sites that are
characterised by medium dense sand featuring a lower shear strength. Therefore, the sim-
ulation of the suction installation presented in Figure 5.12 are re-calculated with modified
soil parameters: The friction angle is set to be ¢ = 32°, the Young’s modulus is reduced
to E' = 40 MPa, and the initial porosity is increased to be n = 0.375 in order to represent
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Figure 5.18: Normalised resultant displacements during the suction installation of a

L/D = 0.5 caisson in dense sand at a normalised penetration depths of
z/L =0.35 (a) and z/L = 0.56 (b).

medium dense sand. The other soil parameters are taken from the previous analyses (see
Table 5.4). The suction pressure is applied in accordance to Figure 5.19.
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Figure 5.19: Calculated history of the required suction pressure during the installation of

a thick-walled L = D = 5m caisson in medium dense sand (Houlsby and
Byrne, 2005b).
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The normalised resultant displacement contour illustrated in Figure 5.20 is similar to the
ones presented in Figure 5.12. Hence, a decreased relative density does not effect the
suction installation mechanisms occurring in the MPM simulation. This is consistent with
the conclusions obtained from centrifuge Test 5 presented in Ragni et al. (2019). The
calculated results additionally indicate that the friction angle has no distinct effect on the
suction installation mechanism.
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Figure 5.20: Normalised resultant displacements during suction installation of a L/ D = 0.5

caisson in medium dense sand at a normalised penetration depths of z/L =
0.35 (a) and z/L = 0.56 (b).

5.2.2.5 Effect of the lid contact

The CPT profiles measured inside the model caisson discussed in Subsection 5.1.2.2 un-
derpinned that lid contact has a crucial effect on the soil plug state. The MPM model
therefore is employed to investigate this terminating stage of the suction caisson installa-
tion. A maximum suction pressure of s = 100 kPa was applied as the internal pressure is
expected to peak once the lid touches down. Furthermore, a relatively slow penetration
rate of Z = 0.01 m/s was applied to represent the slow down of the caisson. Normal contact
between the soil and the approaching caisson lid entity establishes as soon as the distance
between two MPs equals the height of an element of the background mesh. Consequently,
a minor artificial gap is visible in Figure 5.21 despite the establishment of contact.
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The pore pressures are increasing due to the lid touch down shown in Figure 5.22b, but
immediately dissipate towards the lid invert where suction pressure is still present. The
ongoing evacuation of water though the pumping system is modelled by maintaining the
suction pressure boundary conditions. This yields plug consolidation and therefore perma-
nent settlements that counteract the previously present plug heave (compare Figure 5.21a
and 5.21b).

5.2.3 Remarks on the numerical simulations

A MPM model capable of the simulation of the self-weight or jacked penetration and
the suction installation of a caisson is established. The model is verified through the
comparison to existing results obtained from centrifuge tests. The numerical analyses
results visualise the underlying mechanisms and enabled further investigations on the
influence of the t/D and L/D ratio and therefore the skirt wall thickness and the diameter.
This enabled a re-evaluation of the centrifuge test and underpins the universal validity of
the existing experiments. Furthermore, investigations on the soil shear strength and the
effect of the lid contact add to the existing knowledge.

5.3 Concluding remarks on the suction caisson
installation in sand

This chapter discusses the results of a series of centrifuge tests and numerical simulations
of suction caisson installation in sand. The post installation condition of the soil plug was
investigated by means of CPTs through the caisson lid in the centrifuge test. The nu-
merical simulations featured the establishment of a MPM model for further investigations
on the self-weight and suction installation mechanisms. The experimental and numerical
investigations support the following findings:

(1) The pumping flow rate applied during suction caisson installation is not found to
influence the soil plug, as shown by cone tip resistance profiles obtained inside the
caisson following installation.

(2) The underlying mechanisms investigated by means of MPM simulations are found
to be virtually independent from the caisson wall thickness and the diameter. Only
the extend of deformations is influenced by the caisson dimensions.

(3) The soil plug state is dominated by the lid contact, not by the influence of the
pumping flow rate applied during suction caisson installation. This confirms previous
findings discussed in (Bienen et al., 2018b; Stapelfeldt et al., 2018) through the
additional tests.

(4) The MPM simulations reveal the mechanisms occurring inside the soil as the suction
installation terminates due to lid touch down. The results underpin the predominant
influence of the lid contact on the soil plug state.
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The results discussed in this chapter show that a permanent influence on the load bearing
behaviour is unlikely. This aspect is expected to play a key role in further investigations
on the vertical cyclic load bearing behaviour of suction caisson foundations.



6 Load bearing behaviour in sand

This chapter features investigations on the vertical cyclic load bearing behaviour in sand.
The results of a series of centrifuge tests and numerical analyses are discussed. The inves-
tigations target a possible effect of the suction installation on the in-service performance
of caissons subjected to vertical cyclic loading.

6.1 Centrifuge tests

6.1.1 Experimental arrangement and testing procedure

Two parallel series of centrifuge tests were performed to address the questions regarding
the response of a suction caisson subjected to vertical cyclic loading in sand. These studies
include an investigation of a possible effect of the suction installation in sand as referred in
Chapter 3. The experiments were performed at 100g in the Acutronic Model 661 centrifuge
(Randolph et al., 1991; Randolph and Gaudin, 2017) at UWA. The centrifuge tests had the

following requirements to ensure a realistic stress state during the model scale experiments:

o A caisson penetration at stress levels representative for prototype scale was required.
Thus, the caisson had to be suspended just above the sand surface until the centrifuge
had reached the target acceleration.

o The installation was to be done in a controlled manner to ensure reproducible con-
ditions for each subsequent cyclic loading test.

e The cyclic loading was to be performed without stoppage of the centrifuge in order
to retain the soil stress state resulting from the suction installation.

o The CPTs at free field sites were to be performed before and after the caisson tests
to characterise the soil samples themselves and to their confirm uniformity (see
Section 5.1).

6.1.1.1 Test set-up for cyclic loading tests

The cyclic loading tests were performed subsequently to the suction caisson installation
without stopping the centrifuge. This ensured similar conditions during suction installation
and vertical cyclic loading. The centrifuge arrangement for the CPTs through the lid
presented in Chapter 5 was modified for the cyclic loading tests. Additional details of this
centrifuge test set-up are presented in Appendix B.2.
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In this series of cyclic loading tests the model caisson was carried by an actuator, which
was mounted on top of the strong box. A rod and a 8kN load cell attached the model
caisson to the actuator (see Figure 6.1). The LDT was placed on top of the model caisson
on one end and the other end was clamped to the horizontal support beams of the actuator.
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Figure 6.1: Cross section (a) and top view (b) of the centrifuge test set-up for the suction
caisson installation followed by a cyclic loading test.

The syringe pump and the pulley system consisting of a chord and an electric winch,
which was controlled by an additional camera located on the edge of the strong box, are
presented in Chapter 5. The cameras used during the installation also provided sight on
the caisson during the loading tests.



6.1 Centrifuge tests 63

6.1.1.2 Caisson model and test instrumentation

The caisson model was connected to a load cell with a maximum capacity of 8 kN by means
of a rigid rod for the cyclic loading tests. The measurements from the load cell ensured
accurate load application during the vertical cyclic loading tests. The displacements of the
caisson were recorded by the means of the LDT that had a maximum extension length of
L1p7mez = 100mm. Additional details on the caisson instrumentation were provided in
Subsection 5.1.1.3

6.1.1.3 Testing procedure

Each test summarised in Table 6.1 was performed in a different location inside the strong
boxes. A total of six cyclic loading tests were performed. It is noted that test CYC-1-H-MS
was terminated once premature refusal occurred during the suction installation.

Table 6.1: Centrifuge testing programme.
Test name  Permeability Pumping flow rate Skirt length

ks (m/s) q (mm?/s) L (mm)
CYC-1-H-S 1.0 - 10~* 266.2 (512.4)* 40
CYC-1-H-MS 1.0-107* 332.8 80
CYC-2-H-M 1.0 - 1074 665.6 40
CYC-3-H-F 1.0 - 107 1664.0 40
CYC-4-L-M 3.3.107° 665.6 40
CYC-5-L-F 3.3-107° 1664.0 40

# Increased during the installation

6.1.1.4 Cyclic loading of the caisson

Following the suction caisson installation with different pumping flow rates in each test, the
same cyclic loading history was applied to investigate the effect on the load-displacement
behaviour. The cyclic loading history shown in Figure 6.2 subjects the caisson to tension
and compression in each cycle. The same cyclic loading history, which was selected to
represent the windward caisson of an 8 MW OWT with a jacket substructure in a water
depth of h,, = 40 m under operational conditions, was also utilised in centrifuge tests per-
formed on suction caissons in Baskarp sand at similar and lower effective permeabilities
(Bienen et al., 2018a). Bienen et al. (2018a) evaluated this load history utilising an in-
tegrated in-house code featuring aero- and hydrodynamic, structural, and macro-element
foundation models described in Bienen and Cassidy (2006) and Senders (2008). Neither
the dimensions nor the loading conditions reflect any particular site. The cyclic loading
test were performed as follows:

(1) A waiting period of at least 60s at 100g was maintained before the loading test in
order to ensure that the suction pressure inside the caisson dissipated.
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(2) The self-weight was increased to V' = 585N in model scale (V/A = 116 kPa). This
represented the full self-weight of the jacket and the superstructure of the OWT —
including tower, nacelle, and rotor — applied to the tested caisson. This vertical load
was maintained until the excess pore pressure at the lid invert dissipated and no
further settlements were observed.

(3) The vertical load was reduced to V,,, = 40N in model scale ((V/A),, = 8kPa). This
represents the average vertical load at the windward caisson of a suction caisson
jacket. The average vertical stress of (V/A),, = 8kPa was maintained throughout
the entire cyclic loading test.

(4) The cyclic loading test was performed under load control. The cyclic loads were
applied in packages of four sequences with four different increasing load amplitudes.
The respective load amplitudes and the number of cycles per sequence are shown
in Table 6.2. At least six load packages were applied in each test as presented in
Figure 6.2. This yields a minimum of n = 6666 load cycles in each test.

Table 6.2: Cyclic loading sequences.

Sequence number 1 2 3 4
Number of cycles n 1000 100 10 1
Cyclic load amplitude V' (N) 40 +80 40+200 40+400 40 4 600

Cyclic stress amplitude V/A (kPa) 8+16 8440 8+80 8+ 120

-150
-100
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Number of cycles n

Vertical stress V/A (kPa)

Figure 6.2: History of six vertical cyclic loading packages with four load sequences each.

The cyclic loads were applied at a loading frequency of f = 0.5Hz and with regular
sinusoidal amplitude. Loading due to wind, waves, and current in a natural environment
is expected to be highly irregular. However, the regular loading scheme was conceived
to represent realistic drainage conditions in a reproducible manner. This approach also
facilitates the evaluation of each load sequence (LSQ) and comparison between tests.

6.1.2 Results and discussion

The experimental results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.
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6.1.2.1 Drained limiting capacities

The estimated drained compressive bearing capacity of the caisson foundations in dense
silica sand exceeds R, = 6.5 MPa. Since the maximum compressive stress in this study is
V/A = 128 kPa, only a fraction of the bearing capacity is expected to be mobilised (Larsen,
2008). In contrast, the maximum drained tip resistance of R; = 76 kPa is exceeded during
the static and cyclic loading sequences. The drained frictional capacity was estimated to
be Rs ~ 12kPa in accordance to Houlsby and Byrne (2005b). The calculation result is
confirmed through the two drained pull-out tests presented in Figure 6.3. The caisson
was pulled out at a constant rate of 2 = 0.001 mm/s. The maximum drained frictional
capacity — i. e. the maximum skirt friction — is mobilised within Az/L ~ 2-1073 of upward
displacement.
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Figure 6.3: Drained pull-out resistance.

6.1.2.2 Response to cyclic loading

Since no significant influence of the pumping flow rate on the plug state was found, the ef-
fect on the cyclic load bearing behaviour is expected to be marginal. Bienen et al. (2018b)
included three tests with different pumping flow rates: With the lowest pumping flow rate,
the suction caisson could not be fully installed, as expected, even though the pumping flow
rate was increased once the caisson penetration slowed down. The installation with the
fastest pumping flow rate suggested loosening of the soil plug — but the behaviour under
cyclic vertical loading did not differ significantly. However, the average applied vertical
stress was substantially compressive in these tests. This is believed to determine the re-
sponse, i. e. the behaviour is expected be different, if a lower average stress is to be applied,
which is investigated in this study.

Based on the experiments discussed in Houlsby et al. (2005), the drainage regime is ex-
pected to play a major role for the suction caisson responding to rapid tensile loading.
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These tests were performed with a small scale model caisson inside a pressure tank en-
suring pore fluid response similarity only. Bienen et al. (2018a) investigated cyclic loading
into tension in centrifuge experiments and also emphasised the major influence of the in
situ effective permeability on the vertical cyclic load bearing behaviour.

Hence, the cyclic loading around a low compressive average load and the drainage regime
were addressed with this series of cyclic loading tests. A total of five tests (see Table 6.1)
were performed in accordance to the procedure outlined above. It is noted that relative
displacements with regard to the achieved penetration depth after the installation are
considered in the following sections.

Significance of the suction installation history

Based on the results discussed in Chapter 5, it is expected that the suction installation
does not influence the in-service performance despite possible changes of the soil state dur-
ing the suction installation — especially at extremely high or low pumping flow rates. The
remaining uncertainties are addressed through three vertical cyclic loading tests featuring
slow, moderate, and fast suction installation and cyclic loading around a low compressive
average load.

Figure 6.4 shows the histories of five cyclic loading test, including the tests CYC-1-H-S,
CYC-2-H-M, and CYC-3-H-F, which are considered here: The corresponding installation
histories were presented in Figure 5.5a and 5.5b and discussed in Subsection 5.1.2.1. Based
on the previous discussion, it is expected that caissons with a more extreme installation
history will affect increased vertical displacements. A reduced relative density due to in-
creased seepage flow can undermine the bearing capacity and the skirt friction. However,
the vertical displacement response of tests CYC-1-H-S, CYC-2-H-M, and CYC-3-H-F pre-
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Figure 6.4: History of vertical displacements during cyclic loading.
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sented in Figure 6.4 lie within a narrow range. Based on the presented data it is concluded
that the influence of the suction installation on the vertical load bearing behaviour is in-
deed marginal.

A further comparison between the two tests CYC-4-L-M and CYC-5-L-F, which feature
a lower effective permeability but the same loading history, underpins this conclusion.
The respective vertical displacement response illustrated in Figure 6.4 does not reveal
a major influence resulting from the differing suction installation either. Including the
previous experiments discussed in Bienen et al. (2018b), tests were conducted with two
different types of sand at different average vertical loads and loading amplitudes as well as
a comprehensive range of the effective permeabilities. None of these tests provide evidence
for a distinct influence of the suction installation on response to vertical cyclic loading.

Influence of the achieved penetration depth

A total skirt penetration depth of z/L = 0.867 was achieved in test CYC-2-H-M, which is
the lowest value for a cyclic loading test in this study. Figure 6.4 shows that the largest
displacements were reached in this test. This holds for both, the peak amplitude and the
overall upward displacement in response to the applied vertical cyclic loading history. The
comparison to test CYC-3-H-F, which had a skirt penetration of z/L = 0.913, shows
similar displacement overall but differences in particular around peak loading. Figure 6.5
illustrates the following aspects:

(1) The caisson in test CYC-2-H-M settles in LSQ 2, while test CYC-3-H-F responds
almost elastically at similar displacement amplitudes to the same cyclic load.
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Figure 6.5: History of vertical displacements during cyclic loading as per LSQ 2, 3, and 4
of the third loading package.



68 6 Load bearing behaviour in sand

(2) The peak upward displacement during LSQ 3 and 4 is significantly higher in test
CYC-2-H-M, while the downward peaks show similar values. Eventually, this be-
haviour leads to a larger net uplift of CYC-2-H-M.

(3) LSQ 1 of the following loading package shows that test CYC-3-H-F responds almost
elastic to small loading amplitudes. In contrast, the caisson displacements in test
CYC-2-H-M show continuous net settlement over the following 15 to 20 load cycles
of LSQ 1 of loading package three, such that the results approach those of CYC-3-
H-F.

Test CYC-2-H-M of this study achieved a skirt penetration depth of z/L < 0.867, which
is comparable to several tests performed in Baskarp sand. However, test CYC-2-H-M fea-
tures a different cyclic loading history extending the previous tests results discussed in
Bienen et al. (2018a). These results show that the caisson settles during cyclic loading
under an average compressive load with a small cyclic amplitude that also extends into
tension. It was found that an average tensile stress leads to significant uplift. Further eval-
uation of the results presented in Figures 6.4 and 6.5 shows that the highest peaks are
often followed by successive settlement during the first few cycles of the following small
loading amplitude sequence in presence of a compressive average stress. This holds for the
tests conducted in high and low effective permeability soils in this study. Hence, this study
confirms the occurrence of net settlement under low magnitude cyclic loading when the
average stress is compressive.

It is likely that the lid loses contact — partially or completely — during high amplitude
tensile loading in LSQ 3 and 4. This state is found to be indicated by the settlements
occurring during the subsequent LSQ 1. The vertical loads are transferred by the skirt
friction and the tip resistance alone, resulting in considerably soft response in compres-
sion. This yields settlements as the tip bearing is expected to be partially drained. The
lid presumingly touches down after n ~ 20 cycles leading to a stiffer response and decay-
ing downward movement resulting in predominately elastic response to the low amplitude
cyclic loading in LSQ 1.

It is observed that lower achieved penetration depths lead to significantly softer response
to tensile loading. However, the net vertical displacements after each loading package
do not differ considerably, because lower skirt penetration depth also leads to increased
settlements in compression. Since the response to rapid loading heavily depends on the
drainage regime, it is assumed that the skirt penetration and therefore the length of the
drainage path plays a governing role. For instance, the initial drainage path in test CYC-
3-H-F is approximately 5 to 10 % longer than in it is in test CYC-2-H-M. Similarly, the
drainage path in test CYC-5-L-F is approximately 8 to 16 % longer than it is in test
CYC-4-L-M. Consistently, larger displacements can be observed in Figure 6.4 and 6.5
(see Table 5.2 in Subsection 5.1.2.1). Hence, the presumed influence of the achieved skirt
penetration depth on the load bearing behaviour manifests itself through the influence on
the drainage regime.
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Effects of cyclic loading into tension

All cyclic loading tests in this study feature a compressive average stress of V/A = 8kPa.
Tension is reached in each of the four loading sequences of a loading package. The response
to the first three loading packages of test CYC-3-H-F and CYC-5-L-F was found to be
representative for the other tests, with no indication of a permanent influence of the
differing installation histories on the tests. The results presented in Figure 6.6 allow the
following observations:
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Figure 6.6: Effect of drainage on load transfer mechanism in tests with cyclic loading:
applied stress (a), total stress at lid invert (b), drainage at lid invert (b), and
effective load at lid invert (d).

(1) Predominantly elastic response — i.e. nearly zero net displacement — was measured
during the first loading sequence (see also Figure 6.4). A peak tensile stress of
V/A = —8kPa was applied during each of the 1000 cycles, which corresponds to
approximately 75 % of the estimated drained frictional tensile capacity.
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(2) Tension reaches more than 2.5 times the drained frictional capacity during LSQ 2
yielding primarily elastic response with occasional small magnitude settlements. Sig-
nificant and permanent vertical displacements only occur if the tensile load exceeded
the drained frictional capacity by six times or more during LSQ 3 and 4.

(3) Figure 6.6a and 6.6d show that the applied cyclic vertical loading history results in
settlements and uplift in the higher and lower effective permeability sand, respec-
tively. The cyclic loading of a caisson in more permeable soil results in net uplift
after each loading package. Furthermore, Figure 6.4 and 6.6a indicates that the ini-
tial response to tensile loading is stiffer than it is during subsequent cyclic loading.
However, there is no indication of considerable accumulative reduction of stiffness.
In less permeable soil, the caisson settles during the first two or three loading pack-
ages before it starts to move upwards, similar to the suction caisson embedded in
more permeable soil (see Figure 6.4 and 6.6d). The unloading stiffness is considerably
lower than the initial stiffness in this case.

Observations (1) and (2) confirm previous findings and therefore underpin the conclusion
that a suction caisson can withstand tensile loads exceeding the drained frictional capacity
without permanent upward displacement. Observation (3) adds to the findings presented
in Bienen et al. (2018b), where similar vertical cyclic loading resulted in net settlements in
tests featuring a three times lower effective permeability than the lowest in this study. It is
concluded that there must be a certain maximum effective permeability determining net
uplift or net settlement response. This threshold depends on the drainage regime, which
is determined by the loading rate and the granular characteristics of the soil.

Influence of the drainage regime on the load bearing mechanism

A comparison between vertical displacements, loading, excess pore pressures, and stresses
is given in Figure 6.7 and 6.8. The total stresses and excess pore pressures were measured
at the lid invert. Figure 6.8a and 6.8b show that the total stresses recorded at the lid
invert are completely carried by the excess pore pressure. Thus, the response is considered
to be undrained at the lid invert. Excess pore pressure accumulation is not observed as the
excess pore pressure cycles with the total stresses. Figure 6.6¢ confirms this observation,
because the gradient of the relation between excess pore pressure and total stresses is
approximately one. Figure 6.6b shows similar relations of the applied vertical load with
the total stress at the lid invert. Since test CYC-3-H-F and CYC-5-L-F show similar be-
haviour, it is assumed that the amount of load transferred to the lid is independent from
the effective permeability within the investigated range.

Bienen et al. (2018a) emphasise the importance of the drainage regime for the vertical
displacement response during vertical cyclic loading. The magnitude of vertical net dis-
placement after three loading packages is approximately twice as large in test CYC-3-H-F
as it was in a similar test conducted in Baskarp sand. Baskarp sand is slightly less perme-
able and tends to dilate at a higher rate than fine silica sand. Thus, excess pore pressures
and therefore the resistance to tensile loading is mobilised earlier resulting in lower mag-
nitude caisson displacements. It is noted that this coherence implies that the cavitation
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Figure 6.7: Applied stress and measured excess pore pressure at the lid invert during six
loading packages in test CYC-3-H-F (a) and CYC-5-L-F (b).

limit of Baskarp sand is lower compared to fine silica sand. Consequently, the same load-
ing regime can result in smaller or larger caisson displacements depending on the onset of
cavitation.

Figure 6.7a and 6.7b show that the applied vertical stresses are partially carried by the
skirt friction. Furthermore, the skirt tip carries a considerable portion of the vertical load
in compression. The displacements in Figure 6.6d show a hard capped mobilisable effec-
tive resistance of V//A &~ 15 kPa in tension and a flattening curve in compression once the
drained frictional capacity is exceeded. This suggests that the skirt friction is fully mo-
bilised at smaller relative displacements than the lid resistance. In addition, the maximum
load transferred in compression is considerably higher than the sum of the skirt and tip
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Figure 6.8: Measured total stress and excess pore pressure at the lid invert during six
loading packages in test CYC-3-H-F (a) and CYC-5-L-F (b).

resistance. This reinforces the assumption of presence of lid contact in compression. The
tests presented in Bienen et al. (2018a) show a similar load bearing behaviour in Baskarp
sand.

The comparison between tests performed in higher (Figure 6.7a and 6.8a) and lower (Fig-
ure 6.7b and 6.8b) effective permeability soil samples shows a significantly different magni-
tude of vertical displacements. The drainage regime governs the response to cyclic loading
in the presented tests, i.e. the uplift velocity and the effective permeability determine the
excess pore pressures around the foundations and therefore critically influence the suction
caisson behaviour.
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6.1.3 Remarks on the centrifuge tests

The installation history does not influence the behaviour under vertical cyclic loading in-
cluding excursions into tension. The achieved skirt penetration depth and therefore the
length of the drainage path affects the response to cyclic loading in the tests performed
in this study. The in situ effective soil permeability has a major influence on the displace-
ment response under vertical cyclic loading. Low magnitude tensile loading leads to an
almost elastic response, while high magnitude tensile loading causes permanent uplift in
each loading cycle.

The major factors effecting the suction caisson response to vertical cyclic loading are
identified through the experimental study. Further investigations remain necessary — e. g.
on the influence of other caisson geometries. The centrifuge test results form a basis for the
development and the validation of analytical and numerical calculation methods, which
are certainly required for further investigations apart from experiments.

6.2 Numerical simulations

A FEM model capable of the simulation of the static and cyclic loading of a suction
caisson foundation is utilised for further investigations. The numerical simulations target
the visualisation underlying load bearing mechanisms and the prediction of the caisson load
displacement behaviour. The study consists of two steps: First, the data calculated from
the numerical model is compared to the centrifuge test results presented in Section 6.1.
In a second step, variations of the model dimensions and the material parameters are
investigated in order to clarify frontiers and capabilities of numerical simulations of suction
caisson foundations subjected to vertical cyclic loading.

6.2.1 Numerical modelling and testing procedure

The numerical simulations are performed with Abaqus/Standard 2018 (Dassault Systemes,
2018). The two-phase formulation is employed in order to capture the drainage behaviour
of this soil-structure interaction problem. The numerical model utilised for the FEM sim-
ulations is shown in Figure 6.9. The dimensions of the soil entity of the numerical model
shown in Figure 6.9a are increased compared to the centrifuge tests in order to minimise
boundary effects. The two-dimensional axisymmetric model geometry is meshed with high
order rectangular elements (CAXS8P) featuring a pore pressure degree of freedom. The wa-
ter elements are low order rectangular elements (CAX4P) also featuring a pore pressure
degree of freedom. The caisson is a rigid body meshed with triangular elements (CAX6).
A half circular shaped skirt tip reduces stress peaks. The box is modelled with an an-
alytical rigid body (Dassault Systémes, 2018). The entire mesh is shown exemplary in
Figure 6.9b. It illustrates that small elements are located close to the caisson. A more
coarse mesh is utilised further away from the area where the largest deformations are ex-
pected. The dimensions actually employed for each numerical model are listed in Table 6.3.
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Figure 6.9: Dimensions (a) and finite element mesh (b) of the numerical model utilised for
FEM analyses of the suction caisson response to vertical cyclic loading in a
uniform sand profile.

The horizontal displacements are locked at the axis of symmetry and the outside ver-
tical edge, while vertical displacements are permitted. The bottom edge features a zero
vertical displacement BC. These three edges are also hydraulically impermeable. The dis-
placements at the soil surface are unlocked, while a pore pressure BC is applied on the
top surface in order to allow drainage. The vertical load V' is applied to the rigid caisson
through a concentrated vertical force subjected at the reference point (RP) that is located
at the axis of symmetry (see Figure 6.9b).

Table 6.3: Numerical model caisson dimensions.
Model No. D (m) L (m) ¢t (cm)
10 8 4 5
20 8 8 5

The parameters required for the utilised hypoplastic constitutive model (., hs, ng, €40,
€, €in, @, and ) summarised in Table 6.4 are determined under consideration of labo-
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ratory test results referred in M. N. Tran (2005), Pucker et al. (2012), and Chow et al.
(2018). The additional parameters required as input for the ISA formulation (mg, R, fho,
X0s Xmaz, Cas Cz, a0d Bhmaes) are found iteratively through numerical analyses and under
consideration of the guidelines referred by Fuentes et al. (2019). The initial void ratio eq
and the interface friction parameters (i, Tyue, and ;) are derived from the results of the
centrifuge experiments referred in Section 6.1.

Table 6.4: Model parameters for FEM simulations featuring fine silica sand.

Parameter Symbol  Unit Fine silica sand
Critical friction angle Ve (°) 30
Granular hardness h (MPa) 1354
Barotropy exponent ng (-) 0.34
Minimal void ratio €do (-) 0.49
Critical void ratio €0 (-) 0.79
Maximum void ratio €io (-) 0.86
Dilatancy exponent a (-) 0.18
Pyknotropy exponent 6] (-) 1.27
Stiffness factor mpg (-) 4

IS yield surface R (-) 1-107*
IS hardening exponent Bho (-) 0.2
Minimum value of IS exponent Xo (-) 4
Maximum value of IS exponent Xmaz (-) 25
Accumulation rate factor Ca (-) 0.04
Cyclic mobility factor . (-) 150
Maximum IS hardening exponent  Spmaz (-) 3
Effective permeability ky (m/s) 9.87-107°
Density water Pw (t/m?) 1
Grain density solid Ps (t/m?) 2.65
Interface friction coefficient ,u (-) 0.15
Shear stress limit Trmaa (kPa) 12
Allowable elastic slip Vi (-) 0.005

The simulations are conducted according to the following procedure: First, the effective
stresses and the hydrostatic pressure are applied during the K, procedure. A minimum
load is applied at the caisson in order to minimise an effect on the Ky conditions. Second,
load controlled static and cyclic loading is subjected to the caisson.

The cyclic loading sequences applied in the numerical simulations aim to reproduce the
BCs that are present during the centrifuge experiments. Hence, the loading amplitude and
frequency from Table 6.2 are applied. The number of cycles is reduced to a minimum in
order to reduce computational costs. The average load given in Table 6.5 is applied to the
caisson first. A waiting period of ¢ = 60s allowing consolidation commenced before the
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cyclic loading packages are applied in order to achieve initial conditions. This procedure
ensured comparability to the centrifuge tests. The history of the vertical cyclic loading is
shown in Figure 6.10.

Table 6.5: Load cases (LCs) and specifications of the four cyclic loading sequences applied
in the numerical simulations in uniform sand.

LC Sequence number 1 2 3 4
Number of cycles n (-) 18 5 3 1
10N Load amplitude V' (N) 40 £80 40=£200 40=+400 40 =+ 600
Stress amplitude V/A (kPa) 8+16  8+40 8+80 8+£120
70 LC 10N ' ' '
2 -100 s
< 50 .
2 0 T
g so s
= 100} -
£ 150 s
> 200 | | | | |
0 5 10 15 20 25 30

Number of cycles n

Figure 6.10: History of four vertical cyclic loading sequences in LC 10N.

6.2.2 Results and discussion

The calculated results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.

6.2.2.1 Monotonic load bearing mechanisms

The functionality of the newly developed boxed water element technique described in
Section 4.3 must be evaluated. The results obtained from experiments and numerical sim-
ulations are compared. The first step includes compressive loading featuring consolidation.
The slow — i.e. drained — and the rapid caisson extraction are investigated in a second
step. Each calculations were performed with model no. 10 as referred in Table 6.3. Model
no. 10 features a L = 4m and D = 8 m caisson equipped with the boxed water elements.

The calculated settlement response to the application of a vertical load of V' = 5850 kN
(V/A = 116 kPa) and subsequent unloading to V' = 400kN (V/A = 8kPa) is presented
in Figure 6.11. The experimental measurements and the calculated vertical displacements
have the same order of magnitude. However, an increased degree of consolidation is reached
earlier in the experiments. The experimental results scatter considerably, which is assumed
to result from the suction installation discussed in Chapter 5. The unloading stiffness ap-
pears to be slightly overestimated by the constitutive model yielding roughly 75 % of the
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Figure 6.11: History of vertical displacements during static loading.

experimentally measured uplift during unloading. However, the calculated curve represents
idealised conditions and is enveloped by the experimental results. Hence, the numerical
model provides a sufficient estimate of the in situ caisson behaviour. The numerical model
is considered to be suitable for the simulation of the monotonic vertical loading and un-
loading of a caisson foundation. Furthermore, the box protected the water elements from
distortion. Hence, the applicability of the boxed water elements for the simulation of com-
pressive loading is demonstrated.

Figure 6.12a shows the measured and calculated vertical stress required for the drained
suction caisson extraction. A sufficiently low dimensionless loading rate v = (AzL)/c, < 1
(Finnie and Randolph, 1994) is applied to ensure drained conditions. The presented max-
imum drained frictional capacity and therefore the skirt friction is similar. The required
distance is slightly underestimated in the numerical simulation. The contour plot pre-
sented in Figure 6.12b shows that no plug heave occurs. Instead a water filled gap, which
is represented by the water elements, forms as the lid invert surface, represented by the
box, separates from the soil surface. It is noted that Figure 6.12b contains an amplified
deformation geometry. It is concluded that the numerical model is suitable for the simu-
lation of the drained suction caisson extraction.

The results from the simulation of the rapid suction caisson extraction are presented in
Figure 6.13. The calculated history of the vertical stresses and excess pore pressures shown
in Figure 6.13a reveals that predominantly undrained response is present as a normalised
displacement rate v’ > 30 is applied. The calculated extraction resistance tends to ap-
proach a maximum, which is comparable to centrifuge tests conducted with Baskarp sand
discussed in Bienen et al. (2018a). However, the calculation terminates at a relative verti-
cal displacement of Az/L ~ 8- 1073 due to plug liquefaction, which implies zero effective
stress states that yield numerical instabilities within the hypoplastic constitutive model.
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Figure 6.12: Drained the extraction resistance (a) and resultant displacement contours at
a relative caisson displacement of Az/L =4.5-1072 (b).

Figure 6.14 shows that the liquefaction already starts at Az/L =~ 5.5-1072 as the effective
stresses at the lid invert reach ¢’ = 0. It is noted that the calculated excess pore pressures
exceed the cavitation limit, which is possible because a cavitation cut-off is not imple-
mented in the presented numerical model.
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Figure 6.13: Rapid extraction resistance (solid line) and relative suction pressure (dashed

line) (a) and resultant displacement contours at a relative caisson displace-
ment of Az/L ~8-1073 (b).
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Figure 6.14: History of effective stresses during rapid suction caisson extraction.

The contour plot presented in Figure 6.13b reveals that the entire soil plug is lifted during
rapid, i.e. undrained, extraction. The water elements do not expand, as expected. Conse-
quently, plug uplift occurs and the lid invert (the bottom surface of the box) remains in
contact with the soil surface. The largest resultant displacement occurs close to the soil
tip, because a pre-loading of V/A = 116 kPa and an unloading to V//A = 8 kPa has been
required in order to mobilise the maximum tensile capacity — otherwise the calculation
terminates early due to the onset of liquefaction. This approach emulates the experimental
procedure of the centrifuge tests. The numerical model is considered to be suitable for the
simulation of rapid extraction of a suction caisson foundation, if cavitation is not reached.
Furthermore, the applicability of the boxed water elements for the rapid caisson extraction
is demonstrated.

6.2.2.2 Cyclic load bearing mechanisms

The first numerical investigation on cyclic loading targets further validation of the numeri-
cal model. The experimental results discussed in Section 6.1 and a numerical back analysis
of the centrifuge tests are compared. It is noted that the number of simulated load cycles
is limited to a minimum which is considered to maintain comparability between experi-
mental and numerical investigations.

Comparing the caisson response to the second loading package presented in Figure 6.15
shows that the behaviour in LSQ 1 and 2 is similar: The vertical displacements accumulate
within the fist 10 to 20 load cycles followed by almost elastic behaviour. The calculated dis-
placement amplitudes are within a comparable magnitude of less than Az/L < 1-1073 in
LSQ 1. However, the calculated displacement amplitudes of LSQ 2 shown in Figure 6.15b
are smaller than the measured values presented in Figure 6.15a. The overall response to
LSQ 3 is also similar as net uplift is calculated. The calculated displacement amplitude
falls short again. The same holds for LSQ 4. Furthermore, net settlements result instead of
net uplift — especially during LSQ 4. LSQ 1 of the third loading package following L.SQ 4
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Figure 6.15: History of vertical displacements during cyclic loading obtained from experi-
ments (a) and a numerical simulation (b).

(see Figure 6.15) shows minor net settlements followed by almost elastic response. This is
similarly observed in the experimental and numerical investigation.

Figure 6.16 shows that the calculated pore pressure development at the lid invert is similar
to the measured data presented in Figure 6.7a and discussed in Subsection 6.1.2.2. The
pore pressures cycle with the vertical load. The skirt friction carries a portion of the vertical
load in tension and compression, while the tip resistance is only mobilised in compression.
Figure 6.16 shows that accumulated pore pressures resulting from LSQ 4 dissipate in
the following LSQ 1. This behaviour occurs repeatedly in subsequent loading packages.
Figure 6.15b shows that net settlements result from the excess pore pressure dissipation.
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Figure 6.16: History of the applied stress and excess pore pressure at the lid invert during
three loading packages in simulation SAND-0.5-FEM-10N.

Local or complete soil plug liquefaction plays a role in the development of the significant
displacements measured in the centrifuge experiments during LSQ 3 and 4. The onset of
liquefaction is captured by the constitutive model. However, a change of the void ratio does
not affect the effective soil permeability within the numerical model. Consequently, the
vertical displacements, which crucially depend on the effective permeability, are underesti-
mated by the numerical model. Furthermore, the onset of plug liquefaction is characterised
by a zero effective stresses state. This compromises the stability of the numerical analysis,
if a constitutive model is utilised that cannot handle tensile stresses. This is the case with
constitutive models commonly utilised for soil. Hence, this circumstances eventually lead
to a premature termination of calculations featuring liquefaction failure.

The basic mechanisms underlying the cyclic load bearing behaviour — i.e. the interplay
between tip and skirt resistance and internal pore pressures — are incorporated in the
numerical model. The numerical model is considered to be suitable for the simulation of
vertical cyclic loading of a suction caisson foundation embedded in uniform sand within
certain boundaries: Moderate excursions into tension during LSQ 1 and 2 are captured
sufficiently. Larger tensile loads including the onset of liquefaction yield insufficient results
and numerical instability. Nevertheless, the maximum tensile stress applied in LSQ 2 is
V/A = 32kPa, which is more than 2.5 times the frictional capacity (see Figure 6.12a).
The crucial mechanisms underlying the response to LSQ 1 and 2 are sufficiently captured
by the numerical model. Based on the discussion in Subsection 6.1.2.2, it is expected that
the displacement amplitudes are affected by the penetration depths z/L < 1 achieved in
the experimental results. This will be discussed in the following subsection.
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6.2.2.3 Influence of the achieved penetration depth

The influence of the achieved penetration depth on the vertical load bearing behaviour
has been discussed in Section 6.1. The achieved penetration depths of z/L = 0.870 in test
CYC-2-H-M and z/L = 0.924 in test CYC-3-H-F differs from z/L = 1, which has not
been taken into account in the numerical simulations, yet. Consequently, the measured
and calculated displacement amplitudes compared in Figure 6.15 partially diverge.
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Figure 6.17: History of vertical displacements during cyclic loading featuring different skirt
penetration depth z/L.

Figure 6.17 shows additional analyses considering a skirt penetration depth of z/L = 0.925
and z/L = 0.875. The presented comparison confirms that a reduced embedded skirt
length yields increased vertical displacement amplitudes — especially in LSQ 3 and 4. These
analyses results are plausible, because the length of the drainage path plays the distinct
role in the utilised two-phase numerical model. The skirt friction and tip resistance transfer
just a minor portion of the applied vertical load into the soil (see Figure 6.16).

6.2.2.4 Influence of the caisson aspect ratio

A cyclic loading test featuring a caisson with an aspect ratio of L /D = 1 was not performed
in uniform sand profile within the series of centrifuge test discussed in Section 6.1. How-
ever, the embedded skirt length — i.e. the achieved penetration depth z/L and therefore
the aspect ratio L/D — has a crucial influence on the load bearing behaviour as discussed
in the previous subsection. A numerical simulation is utilised for an investigation on the
influence of the aspect ratio of a suction caisson subjected to vertical cyclic loading.

The calculated results are presented in Figure 6.18a. They show a substantially stiffer
response to loading as per LC 10N, if the aspect ratio is doubled — i.e. the caisson skirt
length is L = 8m. This matches the expectations because of the longer skirt provides
additional frictional resistance and an increased length of the drainage path. Comparing
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Figure 6.16 and 6.18b shows that less excess pore pressure develops at the lid invert of
the L/D = 1 caisson. Hence, the share of vertical load carried by the skirt is increased.
However, an increased caisson aspect ratio does not lead to a more balanced uplift and set-
tlement response, which leaves only the reduced displacement amplitudes to be beneficial
for the in-service performance of a suction caisson foundation of an OWT.

Vertical load V/A (kPa)
-2150 -100 -50 0 50 100 150

Sand-0.5-FEM-10N
Sand-1.0-FEM-10N

Relative vertical displacement Az/L

3
%1078
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-100

Vertical stress V/A (kPa)
Excess pore pressure Au (kPa)

150 | | | | | |
0 5 10 15 20 25 30 35
Number of cycles n
(b)

Figure 6.18: History of vertical displacements during cyclic loading of suction caissons with
aspect ratios of L/D = 0.5 and L/D =1 (a) and history of applied stress and
excess pore pressure at the lid invert in simulation SAND-1.0-FEM-10N (b).
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6.2.3 Remarks on the numerical simulations

The numerical analyses show that static loading is captured by the utilised FEM models.
The experimental results of the consolidation time, settlements, and the drained extrac-
tion resistance are back calculated accurately. Hence, the numerical model is validated
by the results. The rapid caisson extraction analyses results are not validated. Cavitation
and liquefaction typically limit the rapid extraction resistance, which are not taken into
account. If further insights into this specific topic become necessary, the implementation
of a cavitation cut-off and constitutive model that captures liquefaction without numer-
ical instability is required. The presented numerical simulations featuring cyclic loading
are inaccurate, if substantial tensile loads are involved. The discussed numerical analyses
provide sufficient results up to a tensile load that exceeds the drained resistance by up to
three times. This threshold lays beyond today’s typically recommended design limitations
discussed in Sturm (2017).

The numerical simulation results underpin that internal suction pressure is generated and
provides substantial tensile resistance. The achieved caisson penetration depths and the
skirt length, i.e. the drainage path length, have a crucial influence on the displacement
response. The numerical analyses results emphasise that the interplay between skirt fric-
tion, tip resistance, and excess pore pressure determines the suction caisson response under
vertical cyclic loading.

6.3 Simplified prediction method

The simplified prediction method presented in Section 4.4 is employed for back calculations
of the experimental results. This requires twelve input parameters, which are summarised
in Table 6.6. These include the caisson dimensions and internal and external skirt friction
factors. In this case the input parameters are determined from the drained pull-out tests
presented in Subsection 6.1.2. Furthermore, soil material parameters — i.e. E,, 7/, and kg
— and the cavitation limit s.,, are required. Because of the cyclic and the previous static
loading an increased soil stiffness is expected. F, was estimated from the re-loading stiff-
ness obtained from oedometer test of fine silica sand. In addition, the kg ratio for small
loading rates and a value for kg, is required for calculations including liquefaction. Based
on the results of this study and the likelihood of a significant loss of effective permeability,
upper bound values for kg, from Houlsby and Byrne (2005b) were deemed to be suitable.

Figure 6.19 shows a section of the vertical displacement history. The third and fourth load-
ing package are presented, because these were found to be representative for the general
behaviour. The original test data presented in Figure 6.3 is plotted in black, while the
estimated curves are coloured. It is demonstrated that the simplified calculations provide
an appropriate prediction of the overall behaviour: The predominately elastic response to
the LSQ 1 and 2 matches the magnitude of the experimental results. Once higher loading
amplitudes are applied in LSQ 3 and 4 net heave is predicted, which is consistent with the
experimental results.
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Table 6.6: Input parameters for the simplified prediction method.
Parameter Symbol Unit CYC-3-H-F CYC-5-L-F

Skirt length L (m) 4 4
Caisson diameter D (m) 8 8
Skirt wall thickness t (cm) 5 5
External friction coefficient (K tand), (-) 0.15 0.15
Internal friction coefficient (K tand); (-) 0.15 0.15
Stiffness Modulus E, (MPa) 138 138
Specific density sand o (kN /m?) 10.5 10.5
Specific density water Y (kN /m?) 10 10
External effective permeability Eout (m/s) 1-1074 3.3-107°
Ein/kous ratio kr (-) 1 1
kin/kou ratio at liquefaction kprL (-) 3.5-4 45-5
Cavitation limit Scaw (kPa) 100 100

The net heave resulting from each loading package is assumed to result from two major
factors: the mobilised skirt tip resistance in compression and the changing seepage flow
regime during tensile unloading, which affects the effective permeability. The degree of
mobilisation of the tip resistance in disturbed soil is considered to be insignificant. Hence,
it is assumed that a decreasing effective permeability is the pivotal factor. This is taken
into account through the utilisation of the lower bound values for kg, given in Table 6.6

for tensile unloading at the onset of liquefaction.

-0.03 —
CYC-3-H-F (prediction) |
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Figure 6.19: Predicted history of vertical displacements during cyclic loading.

This assumption is a reasonable albeit a major simplification. However, it enables the
performance of an appropriate back calculation of the experimental results. Furthermore, it
is shown that the presented method provides suitable results for the lower and upper bound
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permeabilities. This also emphasises the importance of accurate knowledge of the in situ
effective permeability and the soil-structure interaction behaviour. Thus, the investigation
of lower and upper bound permeabilities is recommended. Furthermore, it is suggested to
slightly reduce the liquefaction limit 4'L/(1 — a) (Houlsby et al., 2005) in the prediction
in order to gain further insight into the response to tensile loading.

6.4 Concluding remarks on the response to vertical cyclic
loading in sand

This chapter discusses the results of a series of centrifuge tests investigating the suction
caisson installation and their load behaviour in sand. This test series features cyclic loading
tests with the purpose to investigate the possibility of a permanent effect of the suction
installation on the in-service performance. The importance of the overall drainage regime
on the vertical load bearing behaviour was also targeted through the centrifuge tests. The
cyclic loading test results add to the existing database and lead to a simplified method,
which enables the prediction of vertical displacements of caisson foundations under vertical
cyclic loading. The experimental and numerical results support the following findings:

(1) The installation history was found not to significantly influence the behaviour under
vertical cyclic loading into tension. However, the achieved skirt penetration depth
and therefore the length of the drainage path affects the response to cyclic loading
in the tests performed in this study.

(2) The excess pore pressures at the lid invert cycle with the applied stresses and there
is no indication of accumulative effects. Undrained behaviour at the lid invert is
concluded as the total stresses transferred to the lid are entirely carried by excess
pore pressure. The magnitude of the respective vertical displacement was found to
be highly depended on the in situ effective soil permeability.

(3) When subjected to tension during cyclic loading, the caisson foundation mobilises
resistance beyond the drained frictional capacity without permanent displacement —
i. e. predominately elastic response in LSQ 1 and 2. In contrast, the response to high
magnitude tensile loads during LSQ 3 and 4 featured substantial and permanent net
uplift, which is expected to be critical for the serviceability of an OW'T.

(4) It is demonstrated that the boxed water element approach is applicable for static and
cyclic loading. Hence, it is now feasible to utilise water elements in numerical analyses
that include tensile and compressive loading. The presented numerical model covers
vertical cyclic loading including excursions into tension within boundaries: Loading
scenarios can be analysed with the presented numerical model until liquefaction or
cavitation occur.

(5) Analyses targeting the role of the embedded skirt length confirm its crucial role on
the caisson response to vertical cyclic loading.
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(6) A simplified analytical method is presented for the prediction of the response of
suction caissons under vertical cyclic loading. This method includes compressive
and tensile loading and unloading and the occurrence of liquefaction and cavitation.
The calculated predictions agree with centrifuge tests results considering the vertical
cyclic load bearing behaviour in sand.

The discussed results show no permanent influence of the suction installation on static or
cyclic loading of a caisson in sandy sea beds. However, the actual embedded depth of the
caisson plays an important role. This is consistent with the main finding: The drainage
regime and therefore the in situ effective permeability governs the response to vertical
cyclic loading. This is considered in the development of the simplified prediction method.
This aspect is deemed to play a key role in further research activities to unlock the full
potential of caisson foundations for offshore wind turbines.






[ Installation in layered soil

This chapter features investigations of the suction caisson installation in layered soil pro-
files. The results of two parallel series of centrifuge tests (CoS and SoC) and numerical
analyses are discussed. The investigations target the visualisation of the mechanisms un-
derlying the suction caisson installation in layered soil profiles.

7.1 Centrifuge tests

7.1.1 Experimental arrangement and testing procedure

The experiments were performed at 100¢g in the Acutronic Model 661 centrifuge (Randolph
et al., 1991; Randolph and Gaudin, 2017) at the UWA. These tests had the following
requirements to ensure a realistic stress state during the model scale experiments:

o (Caisson installation at stress levels representative for prototype scale was required.
Thus, the caisson had to be suspended just above the sand surface until the centrifuge
had reached the target acceleration.

e The installation was to be done in a controlled manner to ensure reproducible con-
ditions for each cyclic loading test.

e The cyclic loading was to be performed without stoppage of the centrifuge to retain
the soil stress state resulting from the suction installation.

e CPTs and T-bar tests were to be performed before and after the caisson tests to
characterise the soil samples themselves and to confirm uniformity of each sample.

7.1.1.1 Caisson model, test arrangement and instrumentation

Full-model caisson tests were performed with the similar centrifuge arrangement (see Fig-
ure 7.1) as described in Section 5.1. Additional details of this centrifuge test set-up are
presented in Appendix B.4. The anodised aluminium model caisson had a diameter of
D = 80mm and a skirt length of L = 40mm, which when tested at 100g represents a
diameter D = 8m and a skirt length of L = 4m in prototype scale. In addition to this
caisson with an aspect ratio L/D = 0.5, a second caisson with the same diameter but with
an aspect ratio L/D = 1 was also tested in SoC. The skirt wall thickness was ¢t = 0.5 mm,
which corresponds to a prototype wall thickness of ¢ = 50mm. This yields a ratio of
D/t = 160 for these two model caissons.
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Figure 7.1: Centrifuge test set-up for full-model caisson tests in layered soil.

A half-model caisson, which had a diameter of D = 80 mm and a skirt length of L. = 40 mm,
was manufactured for the PIV tests. The wall thickness of this suction caisson is ¢t = 2 mm
for practical reasons (Ragni et al., 2018; Ragni et al., 2019). To facilitate comparison
between half-model PIV tests and full-model caisson tests, an additional caisson with a
diameter of D = 80 mm and a skirt length of L = 40 mm, but a wall thickness of ¢ = 2 mm,
i.e. D/t = 40, was manufactured. Additional details of this centrifuge test set-up are pre-
sented in Appendix B.3.

Each caisson was equipped with two TTPs: one at the lid invert and another one at the
top of the lid and a PPT at the lid invert. The caisson models were connected to a load
cell with a maximum capacity of 3kN by means of a rigid rod. This assembly was carried
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Figure 7.2: Centrifuge test set-up for half-model caisson tests in layered soil.

by an actuator, which was mounted on top of the strong box. The three way valve on the
caisson lid was operated by an electric winch (see Figure 7.1). The valve was able to vent to
ambient, to connect the caisson to the syringe pump (House, 2002), and to be sealed. The
water table was at least 100 mm above the soil surface to ensure that the model caisson
including the three way valve were submerged to minimise changes in buoyancy during
the installation. The self-weight and the cyclic loading of the model caisson were applied
with the actuator that was controlled through a feedback loop from the load cell. The
displacement of the caisson was recorded by means of a LDT.

The half-model tests were conducted inside a smaller strong box equipped with a 50 mm
perspex window, which had inner dimensions of 300 mm in height, 335 mm in length, and
225 mm in width. The small strong box sat inside a larger one that also carried the camera
equipment, actuator, winch, and the syringe pump shown in Figure 7.2.

The half-model caisson tests required a set-up that allowed the self-weight and suction
installation to be similar to the installations conducted with full-model-test. The PIV
tests were performed with the testing arrangement developed by Ragni et al. (2018) and
Ragni et al. (2019). The half-model was pressed against a window to enable photographs
from the outside. The interface between the model caisson and the perspex window was
sealed with a combination of a soft foam seal and a rubber seal at the skirt tips, which



92 7 Installation in layered soil

was lubricated with petroleum jelly. Two five megapixel machine vision cameras captured
images through the perspex window. The master-camera — equipped with an 8 mm lens —
provided an overview of the entire window, while the follower-camera had a 43 mm lens
providing a micro view of the suction caisson and a close range of the surrounding soil. This
set-up yields an approximately 20 times increased resolution in this area. Both cameras
were operated in sync at a frequency of two images per second during the suction caisson
installation resulting in at least 20 images per millimetre of caisson penetration. Two LED-
light panels ensured uniform illumination of the perspex window (Teng et al., 2017; Ragni
et al., 2019). The PIV post analysis also follows Ragni et al. (2018) and Ragni et al. (2019).

7.1.1.2 Soil sample and pore fluid preparation

Overconsolidated stiff clay and dense sand are used in this study, which creates the most
onerous conditions for the suction caisson installation. Table 7.1 and 7.2 summarise the soil
properties of the very fine silica sand and kaolin clay used in the centrifuge tests. Layered
soil samples with a thickness of the top layer of 20 mm were prepared to create onerous
conditions for suction caisson installation while facilitating comparison to previous studies
(Zhu et al., 2018a; Ragni et al., 2020). The clay was prepared from slurry at a water
content of ~ 120 %, mixed under vacuum, and consolidated in a hydraulic press under a
vertical pressure of o, = 350 kPa.

Table 7.1: Properties of fine silica sand (M. N. Tran, 2005; Lehane and Q. B. Liu, 2013;
Chow et al., 2018).

Parameter Symbol  Unit Value
Grain density Ds (t/m3)  2.67
Mean grain size dso (mm) 0.18
Min. void ratio (-) Emin (-) 0.490
Max. void ratio Cmax (-) 0.784
Peak friction angle ¢’ (°) 43.1
Effective permeability k& (m/s) 1-107%

Two SoC samples (one for the full model tests and one for the PIV test) were prepared
by pluviation of dry sand into the strong box from a height of approximately 1.2m by
means of an automatic pluviator, which contained the previously consolidated clay layer.
The clay layer height was approximately 140 mm after consolidation. The sand layer was
vacuum levelled to a target thickness of 20 mm and subsequently saturated from the soil
layer boundary.

The sand for both CoS samples (one for the full model tests and one for the PIV test)
was dry pluviated and vacuum levelled at 140 mm above the base of the strong box in-
cluding a coarser sand filter layer. Once the sand layer was saturated from the bottom,
a clay layer with an approximate thickness of 20 mm was placed manually on top of the
saturated sand. A similar total sample height of at least 4L for each sample was targeted
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Table 7.2: Properties of kaolin clay (Al-Tabbaa and Wood, 1987; Colreavy et al., 2016).

Parameter Symbol  Unit Value
Grain density Ps (t/m?) 2.6
Liquid limit LL (%) 61
Plastic limit PL (%) 27
Peak friction angle ¢’ (°) 23
Critical state friction coefficient M (-) 0.92
Void ratio at CSL® €cs (-) 2.14
Slope NCL A (-) 0.205
Slope URL K (-) 0.044
Effective permeability ky (m/s) 1.7-107°
Coefficient of consolidation” Cy (m?/a) 5.5
p' = 1kPa

bestimated for stress level at skirt tip and OCR = 7.1

to minimise boundary effects (M. N. Tran and Randolph, 2008). The sand unit weight was
determined from weight and volume measurements. The relative densities D, were 8342 %.

Under consideration of scaling laws governing suction caisson response, the viscosity 1 of
the pore fluid was increased from approximately 7, = 1c¢St for water to a target value
of n = 100 ¢St (Taylor, 2011). Hereby an effective permeability of the soil sample — i.e.
k;a~1-10"*m/s — at 100g is targeted, which is representative of typical North Sea sands
(Tan and Scott, 1985). The viscosity was increased through the addition of methyl cellu-
lose ether (DOW, 2002). The targeted pore fluid viscosity was confirmed by measurements.
The clay layer was water saturated.

7.1.1.3 Sample characterisation

CPTs were performed before and after the suction caisson test at 100g. The utilised
cone penetrometer had a diameter of D, = 7mm and was penetrated at a velocity
of v,y = 1mm/s, which is expected to result in drained conditions in sand (Finnie and
Randolph, 1994). The results shown in Figure 7.3 confirm similarity between and within
each soil sample.

T-bar tests were conducted immediately after consolidation at 1g as well as before and
after the suction caisson tests at 100g. The miniature penetrometer had a width of
Wrper = 20mm, a plastic shear pin diameter of Dry,, = 5mm, and a shaft diameter
of Drpars = 6.3mm. The device was penetrated at vy, = 1mm/s, which is expected
to result in undrained conditions in clay (Finnie and Randolph, 1994). A T-bar factor of
Neqper = 10.5 (Low et al., 2010) was assumed to obtain the undrained shear strength
profiles presented in Figure 7.4.
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Figure 7.3: CPT profiles from soil samples for full-model tests (black) and half-model tests
(green) in SoC and CoS.

The in situ undrained shear strength s, of the clay layer depends on the vertical effective
stress o, and over-consolidation ratio OCR and can be calculated using Equation 7.1
(Ladd et al., 1977):

Sy =0 <Su> OCR* (7.1)
NC

!/
O-’l)

where the plastic volumetric strain ratio is given in Equation 7.2, with the soil parameters
listed in Table 7.2.

A—K
A

The normally consolidated undrained shear strength ratio (s,/o,)nc ranges between 0.15
and 0.19 for kaolin clay (Lehane et al., 2009; Schofield and Wroth, 1968) — (s, /0! )nc =
0.19 is assumed here. The undrained shear strength profiles, calculated with and without
consideration of the overlying sand layer and assuming effective unit weights of v.,., =
10.5kN/m?, and v/, = 7.1kN/m?, are included in Figure 7.4. Also included are the pro-
files from comparable tests calculated with the values given in Ragni et al. (2019) and Zhu
et al. (2018b).

A= (7.2)

The results show similarity to the predictions, which do not account for shallow penetra-
tion depth effects. An increased moisture content of the clay close to the layer boundary,
which was expected and represents in situ conditions, also reduces the measured T-bar
penetration resistance and therefore the determined undrained shear strength s,. Further-
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Figure 7.4: T-bar profiles from soil samples (solid lines) for full-model tests (T-bar 1, 3 &
4) and half-model tests (T-bar 2 & 5) including predictions of the presented
and previous tests (dash-dotted lines).

more, the results from T-bar 2 show an increased undrained shear strength at 1g. However
this was not confirmed in the related T-bar 5 conducted at 100g prior to the suction cais-
son tests. The T-bar profiles confirm that the undrained shear strength is higher than it
was in Ragni et al. (2019) and lower than it was in Zhu et al. (2018b), as targeted.

7.1.1.4 Testing nomenclature

Table 7.3 summarises the caisson dimensions, applied vertical stress (self-weight) and
pumping flow rate and applied cyclic load case of all 16 suction caisson tests. The 14"
test failed due to an incorrect assembly of the pumping system. The tests were named as
follows:

o The letters SoC and CoS indicate the stratification.
e The second number indicates the aspect ratio of the model suction caisson.

o A number letter combination indicates the installation method: J = jacked installa-
tion and SI = suction installation and s = slow and f = fast indicate variations of
the pumping flow rate. The number represents the vertical load that was maintained
during the installation of the model caisson. Tests with a displacement controlled
self-weight installation are indicated by the letters DC instead of a number.

e The last number indicates the cyclic loading case. The half-model caisson tests are
identified by the letters PIV instead of a load case.



96 7 Installation in layered soil

7.1.1.5 Testing procedure

Each test listed in Table 7.3 was performed in a different location within the strong boxes.

Table 7.3: Centrifuge testing programme.

Test Test name Vertical stress Pumping rate Model dimensions Load
No. V/A (kPa) q (mm?/s) D/L/t (mm) Case
1 SoC-0.5-350J-10 70 jacked inst. 80/40/0.5 10
2 SoC-0.5-100SIs-30 20 196.4 80/40/0.5 30
3 SoC-0.5-12551-20 25 392.7 80/40/0.5 20
4 SoC-0.5-150J-21 30 jacked inst. 80/40/0.5 21
5 SoC-1.0-125S1-20 25 392.7 80/80/0.5 20
6 SoC-1.0-150S1-21 30 392.7 80/80/0.5 21
7 SoC-0.5-DCSI-20 56 392.7 80/40/2.0 20
8  S0C-0.5-DCSI-PIV 242 196.4° 80,/40/2.0 PIV
9 Co0S-0.5-350S1-10 70 392.7 80/40/0.5 10
10 Co0S-0.5-350S1-20 70 392.7 80/40/0.5 20
11 Co0S-0.5-350S1-21 70 392.7 80/40/0.5 21
12 CoS-0.5-350S1f-10 70 1963.5 80/40/0.5 10
13 Co0S-0.5-350S51-11 70 392.7 80/40/0.5 11
14 Co0S-0.5-DCSI-F 70 392.7° 80/40/0.5 -
15 Co0S-0.5-DCSI-10 346 392.7 80/40/2.0 10
16 CoS-0.5-DCSI-PIV 127 196.4® 80,/40,/2.0 PIV
avalues apply to half-model Ptest failed during suction installation

7.1.1.6 Suction caisson installation

The suction caisson installation for both full- and half-model caisson tests was performed
as follows:

(1) The caisson was suspended just above the soil surface until the centrifuge had reached
the target acceleration to allow installation at stress levels representative of prototype
conditions.

(2) The self-weight penetration was performed under load control at a constant load-
ing rate of 1N/s in model scale. The three way valve vented to ambient until the
self-weight penetration completed. A low self-weight was applied in SoC to achieve
self-weight penetration prior to peak resistance in the sand layer in order to inves-
tigate onerous conditions for suction caisson installation. In CoS, self-weight under
realistic loads was assumed to penetrate the skirts to the underlying sand layer. The
thick-walled full- and half-model caissons were penetrated in displacement control to
comparable depths, which attracted higher loads. This self-weight was maintained
through load control during the suction installation.
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(3) Once the self-weight penetration stopped, the valve was switched to achieve a hy-
draulic connection between the caisson internal and the syringe pump without stop-
ping the centrifuge. A constant pumping flow rate was applied and maintained until
the caisson penetration stopped.

(4) The in-flight suction caisson installation was completed by sealing the valve without
stopping the centrifuge.

Table 7.3 details the self-weight and pumping flow rate applied in each test.

7.1.2 Results and discussion

The experimental results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.

7.1.2.1 Sand over clay

Suction caisson installation in the SoC profile was unproblematic as expected, even with
low self-weight of Vi, = 100 N in model scale or (V/A)s, = 20kPa and a minimum model
pumping flow rate of ¢ = 196,4 mm? /s due to the low tip resistance, which was estimated
at Ry ~ 9kPa (Houlsby et al., 2005; Ragni et al., 2020).
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Figure 7.5: Normalised penetration depths achieved following the self-weight penetra-
tion (SWP), suction installation (SI), and after static loading and unloading
(SL/UL) in SoC.

Figure 7.5 shows that the selected self-weight resulted in penetration depths within the
sand layer, as intended. The thicker-walled caissons in tests SoC-0.5-DCSI-20 and SoC-0.5-
DCSI-PIV, of course, attracted higher loads for self-weight penetration to approximately
half of the sand layer. A vertical stress of (V/A)s, = 30kPa in test SoC-1.0-150S1-21,
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Figure 7.6: History of vertical stresses and suction pressure during installation in SoC and
uniform sand profiles.

however, exceeded the capacity of the sand layer and resulted in rapid penetration into
the underlying clay layer. The suction installation phase was unproblematic in all tests.
Each suction caisson installed in the SoC soil reached full penetration (z/L ~ 1) in this
study. This also holds for the results obtained from tests utilising the L/D = 1 model
caisson, which are normalised by Lgy = 80 mm and L4o = 40 mm, respectively, to facilitate
comparison between the tests.

Figure 7.6 shows the applied installation pressure (V/A) + s, which corresponds to the
cone tip resistance profile shown in Figure 7.3. The nature of the cone tip resistance pro-
file, with a nose in the sand layer followed by a reduction in resistance, carries the risk of
rapid penetration. This occurred in test SoC-0.5-DCSI-20 and SoC-0.5-DCSI-PIV due to
the increased self-weight (Table 7.3) upon the commencement of suction.

Figure 7.6 further compares the penetration resistance profiles in SoC during suction in-
stallation with jacked penetration and with suction installation in a uniform sand profile.
The penetration resistance in SoC is significantly lower compared to the installation of the
same model caisson in sand, requiring lower suction. The applied suction also reduces the

penetration resistance compared to a jacked installation, as expected. This is consistent
with predictions (Houlsby and Byrne, 2005b; Houlsby et al., 2005).

The distinctly decreasing normalised penetration rate observed in tests SoC-0.5-100SIs-
30, SoC-0.5-12551s-20, and SoC-1.0-125SI-20 indicates a significant amount of seepage flow
and would lead to piping failure once the curves reach zero on the x-axis in Figure 7.7.
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Figure 7.7: History of the normalised suction caisson penetration rate.

The constant normalised caisson penetration rate of (AZA)cuisson/ (AZA)pump = 1 observed
in test SoC-1.0-150S1-20 means that no seepage occurred during the suction installation
(Houlsby and Byrne, 2005b). This is plausible, since the skirt tip was already embedded
in the clay layer during the self-weight penetration, whereby the water inside the caisson
was sealed from ambient.

The results from PIV analyses presented in Figure 7.8a provide further insights, includ-
ing soil plug heave developing in the early stages of suction installation, which remained
approximately constant until the end of the suction installation (Figure 7.8a and 7.8b).
However, the loosening was only temporary. The soil plug was compressed upon lid touch-
down due to the vertical load and the ongoing evacuation of fluid from the caisson until
the pumping system was stopped shortly after lid touch-down (Figure 7.8¢c). These results
suggest that soil plug heave is reversible in SoC profiles.
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Figure 7.8: Normalised resultant displacement contours in the beginning (a), close to the
end (b) of the suction, and after lid touch down (c) in a SoC profile.

7.1.2.2 Clay over sand

The self-weight installation, as detailed in Subsection 7.1.1.6, resulted in skirt penetration
of at least z/L = 0.5 (Figure 7.9). Hence, the skirt tips were embedded in the underly-
ing sand layer at the commencement of suction installation. Thus, the clay prevented a
hydraulic connection between the sand and the syringe pump. Expectingly, hardly any
seepage reached the pumping system during the suction installation in accordance to
Figure 7.11. The distinct change in gradient of the normalised caisson penetration rate
(AZA)cqisson/ (AZA) pump leading to a plateau indicates lid touch down on the soil plug.
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Figure 7.9: Normalised penetration depths achieved following the self-weight penetration
(SWP), suction installation (SI), after static loading, and unloading (SL/UL)
in CoS.

The results presented in Figure 7.9 show that the model caisson reached a total penetration
depth of z/L > 0.95 in the majority of the tests. Assuming even distribution of soil flow
around the penetrating skirt during self-weight installation (achieved penetration mea-
sured) and inward flow during suction installation (Ragni et al., 2018; Ragni et al., 2020),
the soil plug heave due to the displaced volume can be calculated. Therefore, a penetration
depth of z/L > 0.98 on average for t = 0.5mm and z/L > 0.92 for ¢ = 2mm implies full
skirt penetration. A distinct change in gradient at the end of the curves presented in Fig-
ure 7.10 and 7.11 indicates contact between the lid and the soil plug, with the difference
between the calculated and the achieved (Figure 7.9) penetration implying soil plug heave.

Senders and Randolph (2007) and Ragni et al. (2020) pointed out that clay plug uplift is
required to transfer suction pressure to initiate seepage flow and hence reduce skirt tip re-
sistance in the underlying sand. The clay plug uplift resistance, which is composed of plug
self-weight and internal skirt resistance, is estimated to be (V/A)., < 15kPa. This value is
exceeded by the suction pressure applied in addition to the self-weight stress (Figure 7.10).
Consequently, clay plug uplift is believed to have occurred in each test performed in this
series of centrifuge tests. The results of the PIV analyses presented in Figure 7.12 confirm
clay plug uplift as the occurrence of a distinct gap is visible in Figure 7.12¢c. Furthermore,
the gradient of the curves representing the additionally applied suction pressure during
the thin-walled suction caisson installations in CoS aligns with test results found in test
conducted in homogeneous sand (see Section 5.1). This reinforces the observation of the
seepage induced reduction of the skirt tip resistance in the underlying sand.
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The displacement controlled self-weight penetration of the thick-walled caissons yields
vertical stresses of V/A ~ 346kPa in test CoS-0.5-DCSI-10 and V/A ~ 254kPa in test
CoS-0.5-DCSI-PIV, which roughly matches the calculated jacked penetration resistance of
V/A = 259 kPa. This calculation performed in accordance to Houlsby and Byrne (2005b)
furthermore provides an estimated required suction pressure of s,., = 169kPa, if the seep-
age induced reduction of the tip resistance is not taken into account. Thus, a thick-walled
model caisson installation would result in premature refusal due to the occurrence of cav-
itation. However, Figures 7.9 and 7.10 show that considerably less suction is required in
order to achieve a penetration depth of Az/L > 0.9, which is feasible because of the pres-
ence of clay plug uplift induced seepage flow. These results underpin the findings derived
from half-model caisson installation test and PIV analyses discussed above and in Ragni
et al. (2020).

The maximum plug heave and resulting gap at the layer boundary is visualised in Fig-
ure 7.12c at a relative skirt penetration depth of Az/L = 0.9. The course of the caisson
penetration of test CoS-0.5-350S1-11 and CoS-0.5-DCSI-PIV features a jump close to the
end of skirt penetration, which is visible in Figure 7.10. This jump indicates the sudden
equalisation of the differential pressure between the top and bottom of the clay plug —
i.e. a vertical fluid channel between clay layer and the skirt opens. The overall caisson
internal suction pressure is maintained due to the drainage regime, which is present in the
underlying sand. The results of the PIV analysis shown in Figure 7.12d reveal that the
establishment of a flow channel is accompanied by a clay plug drop closing the gap shown
in Figure 7.12c.

The results presented in Figures 7.9 to 7.12 confirm the feasibility of the suction caisson
installation in CoS profiles at moderate and high pumping flow rates with similar govern-
ing mechanisms as revealed for the first time in Ragni et al. (2020), despite differences in
clay layer strength and suction caisson aspect ratio. In each test discussed here, suction
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Figure 7.11: History of the normalised suction caisson penetration rate.

caisson installation in CoS resulted in less plug heave compared with installation in uni-
form sand (Bienen et al., 2018a; Ragni et al., 2019). This is consistent with the results
presented in Ragni et al. (2020). This includes test CoS-0.5-350S1f-10, which was installed
at the maximum possible pumping flow rate and the maximum suction pressure measured
at the lid invert within this series of tests. The achieved penetration depth of this test is
similar to all others conducted with the thin-walled model caisson.

However, the actual extent of the clay and sand plug heave remains invisible in the full
model tests. The discussed previous and presented PIV analyses are based on experiments
conducted with thick-walled model caissons. Consequently, the role of the skirt wall thick-
ness is further discussed under consideration of possible consequences on the in-service
performance in Chapter 8.
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Figure 7.12: Normalised resultant displacement contours during clay plug heave without
formation of a gap at Az/L = 0.7 (a), during the formation of a gap at
Az/L = 0.89 (b), at the maximum opening of the gap at Az/L = 0.90 (c),
and after the plug drop down at Az/L = 0.91 (d) in a CoS profile.
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7.1.3 Remarks on the centrifuge tests

The experimental results obtained from PIV post analyses reveal the underlying mecha-
nisms of the suction caisson in layered soil profiles. However, the experiments have several
limitations: The shear strength of the kaolin clay has been limited due to the restrictions
preventing damage to the laboratory equipment. Centrifuge tests involving suction cais-
son installation and PIV post analyses are complex and time consuming. Furthermore,
a seal located at the perspex window interface requires a relatively thick-walled model
caisson compared to prototype scale caissons. Hence, the scope of the centrifuge experi-
ments might be compromised. Consequently, additional investigations are required. The
following section therefore contains MPM simulations that aim clarification of the existing
uncertainties.

7.2 Numerical simulations

The MPM model presented in Section 5.2 is adapted for analyses including layered soil
profiles. The numerical simulations again target the visualisation of the mechanisms under-
lying the suction caisson installation. This study consists of two steps: First, a comparison
between the centrifuge test results presented in the previous section and in Ragni et al.
(2020) is employed for validation. Parametric studies are performed in the second step in
order to provide insights into the questions formulated above.

7.2.1 Numerical modelling and testing procedure

The numerical simulations are performed with a modified version of the MPM code
Anura3D 2019.1. The modifications are discussed in Chapter 4. The numerical model
has the following requirement in addition to the ones listed in Section 5.2: Multiple soil
layers have to be included in the numerical model in addition to the caisson structure.
Interaction between the soil layers and the caisson have to be captured. Thus, a multi-
material contact formulation is required.

The adapted model for the MPM simulations featuring layered soil profiles shown in Fig-
ure 7.13 includes a top layer in addition to the main soil layer. The layer thickness and the
caisson pre-embedment may vary, but undrained response of the caisson internal top layer
is expected in most cases that will be investigated. This simplifies the load application,
which is shown in Figure 7.13a. The presented model dimensions are again derived from
the centrifuge tests and are also found to minimise boundary effects in the simulations
featuring layered soils. The actual model dimensions for each numerical simulation are
summarised in Table 7.4.

The horizontal displacements are locked at the axis of symmetry and outside vertical edge
of the model geometry, while vertical displacements are permitted. The bottom featured
zero vertical displacements boundary conditions. These three edges are also hydraulically
impermeable. The displacements at the soil surface are unlocked, while solid and liquid
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Figure 7.13: Dimensions (a) and discretization (b) of the numerical model utilised for
MPM analyses featuring a layered soil profile.

pressure boundary conditions are applied at the MPs if required. The caisson is modelled
as a quasi-rigid body as the horizontal displacement rate is 2z, = 0 and a prescribed vertical
displacement rate 2, is utilised to control the caisson penetration.

Based on the centrifuge tests, drained conditions are present in sand and undrained be-
haviour determines the response of the clay during the jacked self-weight penetration.
Hence, it is possible to model the soil by means of a one-phase continuum for this kind of
simulation.

The simulation of the suction installation requires a separate consideration: A one-phase
continuum approach is feasible for simulations featuring SoC profiles, because the soil
response is determined by the undrained behaviour of the clay once the skirt tip is em-
bedded in the main clay layer. The internal suction pressure is expected to be transferred
through the encapsulated sand plug. Potential changes of the sand plug state are expected
to have a minor influence on the overall installation mechanisms. Consequently, the sand
top layer can sufficiently be simulated as a one-phase continuum. The only exception here
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Table 7.4: Numerical model caisson dimensions for layered soils.
Model No. D (m) L (m) ¢t (cm)

10 ) 5 20
11 ) ) )
20 8 4 20

is the start of the suction installation with the skirt tips resting in the sand layer, because
seepage flow into the caisson is present at this stage.

Investigations on CoS profiles require the utilisation of a two-phase formulation for the
sand underlying a presumingly undrained responding clay layer, which is therefore mod-
elled by means of a one-phase continuum. The uplift of the clay plug transfers the suction
pressure into the underlying sand. Consequently, the pore pressure regime changes: Seepage
flow towards the inside of the caisson is introduced. This process is relevant for investi-
gations of the underlying mechanisms and has to be captured by the numerical simulation.

The utilisation of the two-phase formulation again implied the utilisation of the mixed
integration scheme in order to minimise numerical errors due to grid crossing and artificial
peaks of the pore water pressure (Jassim et al., 2013; Fern et al., 2019). Since compara-
bly simple elastic-plastic models are found to satisfy all the requirements targeted in this
study, elastic and elastic-plastic constitutive models featuring the Mohr-Coulomb plastic-
ity criterion are employed.

Table 7.5: Model parameters for MPM simulations featuring layered soil profiles.

Parameter Symbol  Unit Fine silica sand Kaolin clay
Friction angle © (°) 38 -
Dilation angle Y (°) 1 -
Effective cohesion d (kPa) 0 -
Undrained shear strength s, (kPa) - 10 — 30
Young’s modulus E (MPa) 60 1
Poisson’s ratio v (-) 0.25 0.3
Undrained Poisson’s ratio  v4 (-) - 0.47
Intrinsic permeability K (m?) 1-107H4 -
Dynamic viscosity liquid Nw (kPa-s) 1-10~ -
Bulk modulus liquid K, (MPa) 20 -
Density water Pw (t/m?) 1 -
Initial porosity n (-) 0.35 0.57
Grain density solid Ps (t/m?) 2.65 2.6
Interface friction coefficient p (-) 0.15 -
Adhesion factor a (-) - 0.03—0.1
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The model parameters for fine silica sand summarised in Table 7.5, are determined under
consideration of laboratory test results summarised in M. N. Tran (2005), Lehane and
Q. B. Liu (2013), and Chow et al. (2018). Additional details are discussed in Section 5.2.
The model parameters for kaolin clay, which are also given in Table 7.5, are derived under
the consideration of laboratory tests presented in Al-Tabbaa and Wood (1987) and Col-
reavy et al. (2016). The adhesion factor is adjusted in order to align the simulated and
the centrifuge test behaviour during the suction installation.

The simulations are conducted in accordance to the following procedure: First, the effec-
tive stresses and, if necessary the hydrostatic pressure, are applied during the K, proce-
dure. The caisson is penetrated displacement controlled in a second step. The differential
pressure is applied simultaneously if required. The caisson penetration rate and suction
pressure vary in each test. Therefore, the actually applied values are given in the following
section.

7.2.2 Results and discussion

MPM simulations are performed to address the remaining questions subjecting the suc-
tion caisson installation in layered profiles. The calculated results are presented in non-
dimensional form, unless stated otherwise. Positive values indicate compression and down-
ward displacements, whereas negative values represent tension and upward displacements.

7.2.2.1 Sand over clay

Suction caisson installation mechanisms

The simulated suction caisson installation in a SoC profile is compared to experimental
results in order to ensure that the model features the relevant installation mechanisms.
Figure 7.22 compares the calculated results of a jacked caisson installation to the experi-
mental data presented in Ragni et al. (2020).

The numerical analysis results are obtained from a single continuous calculation and are
normalised in style of the approach discussed in Ragni et al. (2020). The total shear strains
are evaluated here. The results show concentrated shear zones around the skirt. This holds
for each normalised penetration depths shown in Figure 7.14. The shear zones below the
skirt tip extend in radial direction during the jacked penetration in sand (see Figure 7.14a
and 7.14b). The zones of high total shear strains extend into the underlying clay once
the skirt tip approaches the layer boundary (see Figure 7.14c¢ and 7.14d). This indicates
sand drag down into the clay layer. This is consistently observed in the experiments and
numerical simulations. A curved layer boundary was found in the experiments at a relative
penetration depth of z/L = 0.9. The layer boundary obtained from the numerical sim-
ulations remains relatively flat. However, sufficient similarity between experimental and
numerical analysis results is found for the investigation on the jacked caisson penetration.
Hence, the numerical model is suitable for the simulation of the jacked caisson installation
in SoC profiles.
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Figure 7.14: Comparison between total shear strains (%) obtained from PIV (Ragni et
al., 2020) (LHS) and axisymmetric MPM (RHS) analyses during self-weight
penetration in SoC at increasing normalised penetration depths z/L = 0.3
(a,b), z/L = 0.6 (c,d), and z/L = 0.9 (e.f).

The simulation of the suction installation requires additional input: The caisson pene-
tration rate Z and the internal suction pressure s. A caisson penetration rate starts from
2 = 0.01m/s in the beginning of the penetration in the sand top layer and reach maximum
values of Z &~ 0.08 m/s at the punch-through point. The penetration rates are estimated
under consideration of experimental results discussed in the previous section and in Ragni
et al. (2020). The corresponding internal suction and excess pressures are taken from Ragni
et al. (2020). The results are presented in Figure 7.15.
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Figure 7.15: Comparison between total shear strains (%) obtained from PIV (Ragni et al.,
2020) (LHS) and axisymmetric MPM (RHS) analyses during suction instal-
lation in SoC at increasing normalised penetration depths z/L = 0.3 (a,b),
z2/L =0.6 (c,d), and z/L = 0.9 (e,f).

The MPM analyses are conducted stepwise as the requirements differ: A fully coupled
two-phase simulation is necessary until the skirt tip is embedded in the underlying clay.
The numerical models are assembled analogue to the ones utilised for simulations in uni-
form sand. Once the caisson internal is sealed from ambient, predominately undrained soil
behaviour is present during the suction caisson installation. Consequently, a one-phased
undrained analysis can be performed in these cases. The results are normalised in style of
the approach discussed in Ragni et al. (2020).
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The results show again concentrated shear zones around the skirt. This holds for each nor-
malised penetration depth shown in Figure 7.15. The numerically simulated shear zones
are limited to a certain area at the lower part of the caisson skirt. However, the experi-
mental results feature shear zones that envelope the entire skirt. A possible influence of
the interface friction coefficient on the calculated results is ruled out through a variation
of the respective model parameter. Hence, the differing generation of the shown contour
plots or the stepwise calculation of the MPM model are possible explanations.

The shear zones concentrate around the skirt during jacked penetration and suction instal-
lation. This is similarly shown in the experimental and numerical results. Furthermore,
no plug heave is visible in the numerical analyses. Figure 7.15e reveals plug downward
movement that occurs in the experiments only. This is plausible, because no suction is
required for the caisson penetration once the skirt tip reaches clay layer. The difference
between Figure 7.15e and 7.15f is expected: The experiments were conducted continuously,
but were evaluated stepwise. This yields a contour plot representing a certain section of
the installation process. The overall soil surface shape in contrast is determined by the
entire course of the experiment. The stepwise calculation also represents a certain sec-
tion of the installation process, but includes the change of the soil surface shape. Thus,
the calculated soil surface displacements differ from the experimental results. However,
adequate similarity between experimental and numerical analysis results is found for the
investigation of the suction caisson installation. Hence, the numerical model is considered
to be suitable for the simulation of the suction caisson installation in SoC profiles.

Influence of the caisson aspect ratio and sand layer thickness

Section 7.1 has featured a half-model suction caisson installation test in SoC. The utilised
model caisson featured an aspect ratio of z/L = 0.5 instead of z/L = 1 and a sand layer
thickness of hggng = 0.5L instead of hgng = 0.6L (Ragni et al., 2020). A recalculation
of this experiment and a comparison to the previously discussed results provide insights
into the role of the caisson aspect ratio and the sand layer thickness. The MPM simula-
tions are furthermore conducted continuously within a single calculation. An one-phase
soil continuum is utilised as predominately undrained behaviour is expected. The caisson
penetration rate is set to be Z = 0.05m/s in order to minimise the computational costs,
while quasi-static conditions are maintained. The internal suction and excess pressures are
applied in accordance to the experimental results discussed in Section 7.1.

Total shear strains and normalised resultant displacements are presented in Figure 7.16
in order to facilitate comparison to other numerical and experimental results. The results
reveal that the calculated total shear strains extend around the entire caisson skirt, if a
continuous calculation is performed. This is consistent with the experimental results dis-
cussed in Section 7.1. No major plug heave occurs, which matches the expectations as no
suction pressure is required for the skirt penetration into the underlying clay.
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Figure 7.16: Comparison between total shear strains (%) (LHS) and normalised resultant
displacements (RHS) obtained from axisymmetric MPM analyses during the
suction installation in SoC at increasing normalised penetration depths of
z/L =04 (a,b), z/L =0.6 (c,d), and z/L = 1.0 (e,f).

A comparison between Figure 7.15 and 7.16 shows similar mechanisms underlying the
suction caisson installation — independently from the respective SoC profiles and caisson
dimensions. However, the suction installation mechanism in the sand top layer differs from
the one in clay, because of the increased tip resistance that is mobilised in sand. Hence, the
actual thickness of the top layer, the vertical load, and the caisson dimensions determine if
suction assisted installation is required to penetrate through the sand layer. Furthermore,
the internal suction pressure and the resulting caisson penetration rate, which are present
once the skirt tip punches into the underlying clay, effect the ongoing course of the suction
caisson installation.
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Effect of the lid contact

It is pointed out, that Figure 7.16e and 7.16f show lid touch down and therefore compres-
sion of the soil plug. The compression is virtually restricted to the sand plug. This is con-
sistent with the experimental results discussed in Section 7.1. Furthermore, it makes sense
that the sand plug is compressed, because the extraction of water through the pumping
system enables consolidation despite the assuringly undrained behaviour of the underlying
clay layer. Hence, similarity between experimental and numerical results is underpinned.

Influence of the skirt wall thickness

The discussion in Section 5.2 underpinned that numerical simulations of the suction instal-
lation of a thin-walled caisson are a reasonable addition to the existing PIV analysis results
featuring uniform sand profiles. The centrifuge tests investigating the caisson installation
in SoC are also limited to thick-walled half-model caisson, if PIV analyses are targeted.
Numerical investigations of thin-walled caissons require a significantly finer mesh com-
pared to the one utilised for the investigations discussed above. A mesh sensitivity study
was therefore conducted in advance. This study will evaluate possible mesh dependencies
and aims to proof the comparability between the previous and following simulation results.

The geometry of model no. 10 including the SoC profile is meshed with a four times finer
mesh compared to the one utilised in the previous simulations. The vertical element height
is increased by a factor of two in order to reduce grid-crossings and therefore possible nu-
merical instabilities. Furthermore, the top regions of the sand layer are modelled linear
elastic instead of elastic-plastic in order to reduce numerical instabilities. This modified
model was utilised to recalculate suction installation presented in Figure 7.16. The results
are presented in Figure 7.17.
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Figure 7.17: Normalised resultant displacements during the suction installation of a thick-
walled caisson in SoC at a normalised penetration depths of z/L = 0.6 simu-
lated with a fine mesh.
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Comparing Figure 7.16d to Figure 7.17 reveals similar displacement contours. The re-
sultant displacements concentrate around the skirt. This area extends further in radial
direction, if a coarser mesh is utilised. Figure 7.16d shows settlements close to the skirt
tip, whilst these are absent in Figure 7.17. However, both simulations provide displace-
ment contours that are comparable to the experimental results discussed in Section 7.2 —
i.e. locally restricted displacements occur around the skirt. Hence, no pivotal influence of
the mesh dependency is expected for the following investigations.

The installation of a thin-walled caisson (see Figure 7.18) requires less suction pressure
in comparison to a thick-walled caisson in general. Based on predictions conducted in
accordance to Houlsby and Byrne (2005b) and Houlsby and Byrne (2005a) no additional
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Figure 7.18: Normalised resultant displacements during the suction installation of a thin-
walled caisson in SoC at a normalised penetration depths of z/L = 0.4 (a),
z/L =0.6 (b), and z/L = 0.9 (b).
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suction would be required once the thin-walled caisson penetrated the sand layer due to its
self-weight. Consequently, internal excess pressure is expected. This approach imitates a
similar pumping flow rate applied in experiments. Hence, the internal pressure history was
overtaken from the simulations featuring the thick-walled caisson. Hereby, the comparison
between the results presented in Figure 7.18 to the previous results is facilitated.

The displacement contours resulting from the thin-walled caisson penetration presented in
Figure 7.18 are similar to the ones obtained from calculations including the thick-walled
caisson. Consequently, the results are also similar to the centrifuge tests. A major influence
of the skirt wall thickness on the underlying installation mechanisms is not indicated by
these results. However, a further investigation on the migration of sand from the top
layer into the underlying clay layer is necessary, because the drag down of relatively high
permeable sand could influence the drainage regime along the caisson skirt. The migration
of the material points is therefore evaluated. The results are summarised in Figure 7.19
and are obtained from two numerical simulations with a fine mesh — one with a thick- and
another one featuring a thin-walled skirt, respectively.
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Figure 7.19: Soil migration during the suction installation of a thick- (LHS) and a thin-
walled (RHS) caisson in SoC at a normalised penetration depths of z/L = 0.6
(a,b), and z/L = 0.9 (c,d).

The skirt tip just passed the soil layer boundary in Figure 7.19a. Sand is dragged down into
the clay layer and a funnel forms around the skirt. This is consistent with observations from
experiments discussed in Section 7.1 and (Ragni et al., 2020). Figure 7.19b reveals that the
sand drag down also occurs in the simulation featuring a thin-walled caisson. Although,
the amount of MPs — i. e. the amount of soil — that is dragged down depends on the skirt
wall thickness. Figures 7.19¢ and 7.19d indicate that the funnel occurring at the layer
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boundary does not extend significantly with the course of the caisson penetration. The
sand volume that is initially captivated below the skirt tip is displaced in radial direction.
Almost no sand remains below the thin-walled caisson skirt tip, but a certain amount of
sand remains below the thick-walled skirt tip. MPs representing the dragged down soil
remain scattered around the skirt in both cases. However, the majority of the skirt that
is embedded in the main layer is in contact with the clay. Hence, the presented data does
not indicate the formation of a relatively high permeable sand channel around the skirt.
This holds for thick- and thin-walled caisson installation analyses and is consistent with
the experimental results discussed in Section 7.1.

Effect of the clay shear strength

The following MPM simulations are conducted continuously within a single calculation.
A one-phase soil continuum is utilised as predominately undrained behaviour is expected.
The caisson penetration rate is set to be 2 = 0.05m/s. The simulation of the suction
installation starts from a pre-penetration of z/L = 0.3, which represents a possible self-
weight installation without punch through into the clay layer. The self-weight penetration
depths and the corresponding vertical load V = 5.5 MN — estimated for the thick-walled
L = 4m caisson (Houlsby and Byrne, 2005b) — are taken into account for the calculation
of the required suction pressure.

Table 7.6: Input parameters for MPM simulations of the suction caisson installation in
SoC profiles featuring varying undrained clay shear strengths.
Model no. L (m) s, (kPa) s/(vD)maz (-)

20 4 60 0.0
20 4 90 0.99
30 8 60 0.95

Model 20 is employed for investigations on the undrained clay shear strength. The soil
profile consists of a sand layer with a thickness of hg,,q = 0.5L on top of the clay main
layer. Two different uniform undrained strength s, profiles are investigated. An increased
undrained shear strength yields larger penetration resistance and therefore alters the re-
quired suction pressure. The normalised suction pressure s/4'D that is required for full
caisson penetration z/L = 1 is listed in Table 7.6 for each analysis. The given values are
calculated in accordance to the procedure outlined by Houlsby and Byrne (2005a). The
specific weight of the clay is v/ = 7.1kN/m?. The adhesion factors of o, = a; = 0.4 were
estimated from the experimental results presented in Section 7.1. The bearing capacity
factors of N, = 10.5 and N, = 1 were utilised for undrained conditions.

The results presented in Figure 7.20 add to the previously discussed simulations shown
in Figure 7.16. Hence, data for three different shear strengths — s, = {22,60,90} kPa — is
discussed. It is noted that the contour plots visualised in Figure 7.20 are amplified in order
to emphasise differences between the simulations involving s, = 60 kPa and s, = 90 kPa,
respectively. Similarity of the underlying mechanism is found in all three simulations.
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Figure 7.20: Normalised resultant displacements during the suction caisson installation in
sy = 60kPa (LHS) and s, = 90 kPa (RHS) clay overlying sand at a normalised
penetration depths of z/L = 0.4 (a,b), z/L = 0.6 (c,d), and z/L = 0.9 (e,f).

The requirement of suction pressure for the installation of the caisson in s, = 90 kPa clay
is expectedly influencing the soil plug state. Plug heave is visible in Figure 7.20f, which
contrasts the numerical analysis results shown in Figure 7.20e. Hence, the presented MPM
analysis results emphasise that the undrained shear strength and therefore the application
of suction pressure indeed effects the suction caisson installation in SoC profiles.

This effect is expected to be enhanced, if a caisson with a larger aspect ratio is installed.
The suction installation of a caisson with an incidental diameter, but an aspect ratio of
L/D =1 is therefore simulated. The results obtained from model 30 are summarised in
Figure 7.21. Figure 7.20e and Figure 7.21a show the same absolute penetration depths
of the caisson in soil with a similar penetration resistance. However, notable plug heave
occurred during the installation of the L/D = 1 caisson due to the presence of linearly
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Figure 7.21: Normalised resultant displacements during the suction installation of a L =
8m caisson in s, = 90kPa clay overlying sand at a normalised penetration

depths of z/L = 0.45 (a), and z/L = 0.9.

increasing suction pressure. The plug heave continues with the course of the caisson skirt
penetration. This is plausible, because the suction pressure is eventually transferred to
the clay plug. Clay plug heave results, if the suction pressure at soil layer boundary ex-
ceeds the clay plug weight. This is expected to occur once a normalised penetration depth
of z/Lgy = 0.5 and a corresponding normalised suction pressure of s = 0.32 is reached.
Hence, the presented results are plausible. It is concluded that plug heave potentially oc-
curs during the suction installation in SoC profiles featuring shear strength profiles that
exceed the existing experimental data base discussed in Section 7.1.

7.2.2.2 Clay over sand

Suction installation mechanism

The simulated suction caisson installation in a CoS profile is compared to experimental
results with the purpose to ensure that the model features the relevant installation mech-
anisms. Figure 7.22 shows the calculated results of a jacked caisson installation and the
corresponding experimental data presented in Ragni et al. (2020).

The numerical analysis results are obtained stepwise and are normalised in style of the
approach discussed in Ragni et al. (2020). The calculated results show a separated pen-
etration mechanism at shallow penetration depths within the clay layer. This is similar
to the experiments, which are also shown in Figure 7.22. An almost combined mechanism
is present from a penetration depth of z/L = 0.3 in the experimental and the simulated
results. The experimental and the simulated results show no significant plug heave during
the course of the jacked caisson penetration. It is noted that the area of large displace-
ments at the skirt tip spreads out wider in the numerical simulations compared to the
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Figure 7.22: Comparison between normalised resultant displacements during self-weight

penetration in CoS obtained from PIV (Ragni et al., 2020) (LHS) and ax-
isymmetric MPM (RHS) analyses at increasing normalised penetration depths
z/L =0.15 (a,b); z/L = 0.30 (¢,d); z/L = 0.45 (e,f); z/L = 0.60 (g,h).
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experiments. This is plausible, since the sand that is penetrated by the skirt tip has the
same constitutive model parameters like the uniform sand profile discussed in Section 5.2.

It is summarised that the key mechanism underlying the jacked installation in a CoS profile
is similar in the experiments and the numerical simulations. Hence, the numerical model
is considered to be suitable for the simulation of the jacked caisson installation.

The simulation of the suction installation requires additional input: the caisson penetration
rate Z and the internal suction pressure s. A caisson penetration rate of Z = 0.01m/s
is assumed based on the experiments presented in previous section. The corresponding
suction pressures presented in Figure 7.23 are calculated from the history of applied suction
discussed in Ragni et al. (2020).

Normalised suction pressure s/('D)
0 02 04 06 08 1 12 14 16 18 2
. T T T T T

kF:1

Normalised relative penetration depth Az/L
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Figure 7.23: Calculated history of the required suction pressure for the installation of a
thick-walled L = D = 5m caisson in CoS (Houlsby and Byrne, 2005b; Ragni
et al., 2020).

An enveloping lower and upper bound is found through the variation of kg, while the
calculations followed the procedure presented in Houlsby and Byrne (2005b). It is noted
that the resulting suction pressure is increased by a factor of f = 1.9 in order to account
for the indirect application of the suction pressure due to the transferral through the clay
plug. The history of required suction pressure presented in Figure 7.23 is normalised by the
effective specific density of the sand o/ = 10.5kN/m? and the caisson diameter D = 5m.

The calculated results presented in Figure 7.24 show the uplift of the whole clay plug.
This yields an inverted V-shaped deformation mechanism in the underlying sand. Similar-
ity is found between the experimentally and numerically obtained resultant displacement
contours. However, imperfections and the occurrence of a separation of the clay plug are
not considered in the numerical model. The rotation of the soil plug therefore does not
occur in the numerical simulation. However, the pivotal mechanisms of the suction cais-
son installation — i.e. the transferral of suction pressure inducing sand plug heave — are
reproduced by the numerical model featuring the CoS profile.
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Figure 7.24: Comparison between normalised resultant displacements during suction in-
stallation in CoS obtained from PIV (Ragni et al., 2020) (LHS) and axisym-
metric MPM (RHS) analyses at increasing normalised penetration depths
z/L =0.30 (a,b), z/L = 0.45 (c,d), and z/L = 0.75 (e,f).

Influence of the skirt wall thickness

The discussion in Section 5.2 underpinned that numerical simulations of the suction in-
stallation of a thin-walled caisson are a reasonable addition to the existing centrifuge
experiments. A mesh sensitivity study was conducted in order to evaluate an effect on the
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overall solution: The geometry of model no. 10 including the CoS profile is meshed with a
four times finer mesh compared to the one utilised in the previous simulations. The vertical
element height is increased by two in order to reduce grid-crossings and therefore possible
numerical instabilities. This modified model was utilised to recalculate suction installation.
A comparison between Figure 7.24b and Figure 7.25 reveals a similarly shaped mechanism.
The clay plug uplift and the extend of deformations at the skirt tip is increased, but the
sand plug heave appears to be similar. Thus, a certain mesh dependency is expectedly
present as the investigated mechanism involves local shearing failure. However, both simu-
lations overall yield displacement contours that are comparable to the experimental results
—i.e. plug heave is occurring to a considerable extend in both calculations. Hence, mesh
dependency is assumed to be negligible for the following investigations.
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Figure 7.25: Normalised resultant displacements during the suction installation of a thick-
walled caisson in CoS at a normalised penetration depths of z/L = 0.45
simulated with a fine mesh.

The installation of a thin-walled caisson requires less suction pressure in comparison to
the previously investigated thick-walled caisson. Hence, the required suction pressure was
re-calculated (Houlsby and Byrne, 2005b). The results are summarised in Figure 7.26 and
are employed to apply the differential pressure to the MPM model. The caisson penetra-
tion rate from the previous analysis was maintained in order to ensure comparability.

The normalised resultant displacements around the skirt tip, which are visible in Fig-
ure 7.27, are similarly shaped to the ones observed in simulations with the thick-walled
caisson. However, the displacements of the plug are significantly smaller compared to the
ones illustrated in Figure 7.24b and 7.24d. This is plausible, because only approximately
1/8 of the soil volume is displaced during the course of the thin-walled caisson penetra-
tion. Additionally, less suction pressure is applied. The mechanisms underlying the suction
installation in the CoS profile — i.e. the clay plug uplift inducing suction pressure in the
underlying sand — are found to be present in the simulation featuring the thin-walled
caisson. Hence, predominately inwards directed soil displacement, sand plug heave as well
as a certain influence of the skirt friction are occurring independently from the skirt wall
thickness. The only distinction that is found here is the extend of the plug heave due to
soil displacement. Thus, the results obtained from the numerical analyses reinforce the
validity of the half-model centrifuge test results presented in Ragni et al. (2020).
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Figure 7.26: Calculated history of suction pressure during the suction installation of a
thin-walled caisson in CoS (Houlsby and Byrne, 2005b).

0 01 02 03 04 05 06 07 08 09 1.0
|

1.
-1.0 -08 -06 -04 -02 0 02 04 06 08 1.0
/D

1.0k i
-1.0 -0.8 -06 -04 02 0 02 04 06 08 1.0
/D

(b)

Figure 7.27: Normalised resultant displacements during the suction installation of a thin-
walled caisson in CoS at a normalised penetration depths of z/L = 0.45 (a)
and z/L = 0.6 (b).
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Influence of the caisson aspect ratio and the clay layer thickness

The investigations of the role of the caisson aspect ratio and the clay layer thickness are
combined, because of the interdependence between the clay layer thickness h,, and the
skirt length L. The numerical model no. 20 featuring two different clay layer thicknesses
— helay = 0.25L and hgqy = 0.5L — is utilised. The upper and lower bound of the re-
quired suction pressure are back calculated under consideration of measurements from the
centrifuge tests discussed in Section 7.1 and in accordance to the procedure described in
Houlsby and Byrne (2005b). The results are presented in Figure 7.28.
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Figure 7.28: Calculated history of suction pressure during the installation of a thick-walled
D =8m and L = 4m caisson in CoS (Houlsby and Byrne, 2005b).

Figure 7.24b and 7.29a and Figure 7.24d and 7.29c feature the same absolute skirt pen-
etration depth of L = 2.25m and L = 3m, respectively. The contour plots show similar
resultant displacements at both investigated penetration depths. The inverted V-shape is
visible in all four plots. The inclination of the displacement contours is furthermore sim-
ilar. The clay plug uplift concentrates in the middle at first and becomes more uniform
with increasing penetration depth, which occurs independently from the caisson diameter.
However, increased resultant displacements of the sand plug result from the more confined
environment inside the smaller diameter caisson utilised in model no. 10. It is noted that
the discussed numerical simulations do not indicate a significant influence of the caisson
aspect ratio on the mechanisms underlying the suction caisson installation in a CoS profile.

The results presented in Figure 7.29b and 7.29d are calculated with the same boundary
conditions utilised for previous analyses, but the thickness of the clay layer hgq, was dou-
bled. The displacement contours show that clay plug uplift occurs at a similar magnitude,
but the sand plug heave differs — especially at z/L = 0.6. A steeper and predominantly
independent displacement mechanism is visible below the clay layer in Figure 7.29d. In
contrast, Figure 7.29c reveals a united uplift mechanism inside the caisson. This behaviour
is in line with the differing mechanisms at shallow and deeper skirt penetration states in
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Figure 7.29: Normalised resultant displacements during the suction installation of a thick-
walled caisson in CoS at a normalised penetration depths of z/L = 0.6 (a,b)
and z/L = 0.9 (c,d) and clay layer thicknesses of huq, = 0.25L (LHS) and
heiay = 0.5L(RHS).

uniform sand discussed in Section 5.2. Hence, the shape of the resultant displacement
mechanism of the sand in a CoS profile depends on the current penetration depth of the
skirt tip in the sand layer. Consequently, the numerical analyses show that the shape and
extend of the sand plug heave depend on the ratio of the clay layer thickness and the
caisson skirt length heq, /L in CoS profiles.

Effect of the lid contact

The establishment of lid contact and therefore pressure transferral through the caisson
lid invert is expected to have an influence on the overall load bearing behaviour. Fig-
ure 7.30 shows a comparison between the soil plug state before and after lid touch down.
The suction installation stage illustrated in Figure 7.30a shows distinct clay plug uplift
and a certain amount of sand plug heave while the caisson skirt penetrates into the sand
layer. The clay plug heave is reversed to a certain extend once the lid touches down (see

Figure 7.30b).

Based on the presented numerical simulation it is found that the clay plug and sand plug
heave is partially reversible in a CoS profile. The plug uplift is reversed as soon as the
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Figure 7.30: Normalised vertical displacements during the suction installation of a thick-

walled caisson in CoS at a normalised penetration depths of z/L = 0.9 (a)
and z/L = 0.95 (b).

top of the clay layer is in contact with the downward moving lid invert. The clay plug
transfers compressive stresses into the underlying sand as undrained short term response
is expected. Thus, the suction pressure transferral into the underlying sand suddenly ter-
minates. Hence, the reduction of the tip resistance due to seepage flow expires and skirt
tip load bearing commences. This is indicated by the ongoing vertical displacements at
the skirt tips visible Figure 7.30b. The relatively stiff tip response, which will be further
discussed in chapter 8, leaves compressive stresses to be transferred though the caisson
lid. Consequently, the numerical simulation results indicate that only partially reversion
of the plug heave can be expected for suction caissons installed in CoS profiles.

It is noted that the findings imply that the simulated clay plug remains intact —i. e. no clay
plug rotation occurs and no flow channels form. However, even these events are expected
to be partially reversible, if the lid touches down and compresses the soil plug within the
confinement of the skirt. It is noted that clay plug rotation and the formation of flow
channels can yield excessive sand plug heave, which eventually leads to premature refusal.

7.2.3 Remarks on the numerical simulations

The MPM model for the simulation of the self-weight or jacked penetration and the suction
installation of a caisson is extended toward layered soil profiles. The model is verified
through the comparison to existing results obtained from centrifuge tests. The numerical
model visualises the underlying mechanisms and enabled further investigations on the
influence of the /D and L/D ratio and therefore the skirt wall thickness and the diameter.
This allowed the re-evaluation of the centrifuge test and underpins the universal validity
of the existing experiments. Furthermore, investigations on the clay shear strength in SoC
profiles, the influence of varying top layer thickness and the effect of the lid contact add
to the existing knowledge.
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7.3 Concluding remarks on the suction caisson
installation in layered soil

This chapter discussed results of a series of centrifuge tests and numerical simulations of
suction caisson installation in layered soil profiles. The suction caisson installation was
investigated by the means of PIV post analyses of images acquired in the centrifuge test.
The numerical simulations featured the extension of the MPM model towards SoC and
CoS profiles. It was employed for additional investigations on the self-weight and suction
installation mechanisms.

The experimental and numerical investigations featuring SoC profiles support the following
findings:

(1) Suction caisson installation is unproblematic as expected — even in stiff clay. Fur-
thermore, no evidence of a permanent effect on the behaviour found as the soil plug
was shown to be compressed through lid contact.

(2) A MPM model that enables the simulation of the jacked and suction assisted cais-
son installation in SoC is established and validated through the back calculation of
centrifuge experiments.

(3) The mechanisms underlying the suction caisson installation in SoC profiles occur
independently from the L/D and ¢/D ratio. The self-weight and the suction pressure
that is present when the skirt tip approaches the layer boundary determines the post
installation soil plug state.

(4) Significant suction pressures yielding plug heave are required if the L/D ratio and
the undrained clay shear strength increase. The plug heave is found to be reversible,
if lid touch down is established.

(5) Sand drag down into the underlying clay is observed independently from the ¢/D
ratio. Although, no high permeable sand channel is established — especially not for
t/D < 1/160.

The presented study encourages the utilisation of suction caisson foundations for OWTs
located at sites that feature SoC profiles. The presented data points out that the suction
caisson installation is feasible — even in high shear strength clay underlying dense sand.
Possible effects of the installation are expected to be marginal, because potentially occur-
ring plug heave is found to be reversible.

The experimental and numerical investigations featuring CoS profiles support the following
findings:

(1) Suction caisson installation is feasible, with clay plug uplift transferring suction
pressure to the underlying sand. The induced seepage reduces the tip resistance
and thus enables further penetration. A permanent effect of the installation on the
response under vertical cyclic loading was not found. Lid touch down was reliably
achieved in the experimental investigations.
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(2) The implemented MPM model enables the simulation of the jacked and suction
assisted caisson installation in CoS. The numerical model is validated through the
back calculation of centrifuge experiments.

(3) A smaller ¢t/D ratio does not change the underlying mechanisms, which are present
during the suction caisson installation. Although, the installation of a caisson fea-
turing a reduced t/D ratio requires less suction pressure and therefore the clay plug
is lifted at larger penetration depths and the resulting sand plug heave is reduced.

(4) A higher L/D ratio implies more plug confinement and therefore favours plug heave.
It is furthermore confirmed that the plug lift depends on the hg,,q/L ratio.

(5) The plug heave is found to be only partially reversible — even if lid contact is estab-
lished.

The presented study underpins the feasibility of the suction caisson installation in CoS
profiles. The clay plug uplift, which introduces seepage flow in the underlying sand, is
identified as the key mechanism. Therefore, skirt tip penetration is found to be feasible
even in dense sand overlying by stiff clay.
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This chapter features investigations of the suction caisson installation in layered soil pro-
files. The results of two parallel series of centrifuge tests (CoS and SoC) and numerical
analyses are discussed. The investigations target the load transfer mechanisms underlying
the response to vertical cyclic loading of the suction caissons in layered soil.

8.1 Centrifuge tests

8.1.1 Experimental arrangement and testing procedure

The experiments were performed at 100g in the Acutronic Model 661 centrifuge (Ran-
dolph et al., 1991; Randolph and Gaudin, 2017) at UWA. These tests had the following
requirements to ensure a realistic stress state during the model scale experiments.

« (Caisson installation at stress levels representative for prototype scale was required.
Thus, the caisson had to be suspended just above the sand surface until the centrifuge
had reached the target acceleration.

e The installation was to be done in a controlled manner to ensure reproducible con-
ditions for each cyclic loading test.

e The cyclic loading was to be performed without stoppage of the centrifuge to retain
the soil stress state resulting from the suction installation.

e CPTs and T-bar tests were to be performed before and after the caisson tests to
characterise the soil samples itself and to confirm uniformity of each sample.

The caisson models, the test arrangement, the instrumentation, and the soil sample char-
acterisation are described in Section 7.1. Details of the centrifuge set-up are also presented
in Appendix B.4. The testing programme is summarised in Table 7.3 presented in the pre-
vious chapter.

The cyclic loading histories applied in this series of tests were selected to represent loading
on a windward caisson a jacket supporting an 8 MW OWT in approximately 40m of
water. They also facilitate comparison to previous tests performed in uniform sand. LC 10
featured the same cyclic loading history applied in previous tests performed in Baskarp
sand (Bienen et al., 2018a; Bienen et al., 2018b) and fine silica sand (see Chapter 5). LC 20
and 30 feature the same average load, but the cyclic loading amplitude was reduced by
25 % and 50 %. The average load was shifted further into compression in LC 11 and 21
compared to the related LC 10 and 20, respectively. LC 11 in this study corresponds to
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Figure 8.1: History of four vertical cyclic loading sequences in LC 10 & 11 (a), 20 & 21

(b), and 30 (c).

LC 9 in Bienen et al. (2018a) and Bienen et al. (2018b). Without stoppage of the centrifuge
in order to retain the soil stress state resulting from the suction installation, loading was
applied to the suction caisson as shown in Figure 8.1 and Table 8.1.

(1) A waiting period was maintained to ensure that the suction pressure inside the
caisson dissipated before loading commenced.

(2)

The self-weight was increased to V' = 585N in model scale (V/A = 116kPa). This

represented the full self-weight of the jacket and the superstructure of the OWT —
including tower, nacelle, and rotor — applied to the caisson. This vertical load was
maintained until the excess pore pressure at the lid invert dissipated and no further

settlements were observed.
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(3) The vertical load was reduced to the average vertical load given in Table 8.1. This
represents the average vertical load assumed at the windward caisson of a jacket.

(4) The average vertical load was maintained throughout the entire cyclic loading test.
The cyclic loads were applied in packages of four sequences, each with a constant
cyclic amplitude. The respective load amplitudes and the number of cycles per se-
quence are shown in Table 8.1. At least six load packages, i.e. a minimum of n = 6666
load cycles, were applied in each test (Table 8.1).

(5) Following cyclic loading, the average load was maintained until the pore pressures
reached the hydrostatic pressure. Displacement controlled extraction commenced.
The three way valve vented to ambient to ensure drained conditions at an uplift
rate of Z.,; = —0.001 mm/s. The caisson was then sealed again for rapid extraction,
which was conducted at an uplift rate of Z.,; = —0.1mm/s.

Table 8.1: Load cases and specifications of the four respective cyclic loading sequences.

LC Sequence number 1 2 3 4
Number of cycles n (-) 1000 100 10 1

10 Load amplitude V' (N) 4080 40£200 40£400 40 £ 600
Stress amplitude V/A (kPa) 8416 8 +£40 8 + 80 8 + 120
Number of cycles n (-) 1000 100 10 1

11 Load amplitude V' (N) 300 £80 300 £200 300 =+400 300+ 600
Stress amplitude V/A (kPa) 60 + 16 60 £ 40 60£80 604120
Number of cycles n (-) 1000 100 10 1

20 Load amplitude V' (N) 4080 40£150 40£300 40 %450
Stress amplitude V/A (kPa) 8+ 16 8+ 30 8 + 60 8 + 90
Number of cycles n (-) 1000 100 10 1

21  Load amplitude V' (N) 160 £120 160 £270 160 +420 160 £ 570
Stress amplitude V/A (kPa) 32+ 24 32 4+ 54 32+84 32+114
Number of cycles n (-) 1000 100 10 1

30 Load amplitude V' (N) 40 £80  40+£100 40+£200 40+ 300

Stress amplitude V/A (kPa) 8416 8+ 20 8 +40 8 £+ 60

The cyclic loads were applied at a loading frequency of f = 0.5Hz and with regular
sinusoidal amplitude. Loading due to wind, waves, and current in a natural environment
is expected to be highly irregular. However, the regular loading scheme was conceived to
represent realistic drainage conditions in a reproducible manner. In addition, this approach
facilitates the evaluation of each load sequence and comparison between tests.

8.1.2 Results and discussion: sand over clay
8.1.2.1 Tensile limiting capacities

The extraction test results presented in Figure 8.2a show drained extraction capacities of
V/A ~ 25kPa for an aspect ratio of L/D = 0.5 and V/A & 65 kPa for an aspect ratio of
L/D = 1. This is consistent with predictions of (V/A)s = 25kPa and (V/A)gy = 65kPa
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calculated in accordance with Houlsby et al. (2005) and the soil parameters given in
Table 7.1 and 7.2. In addition, the external and internal friction coefficient (Ktan(d)), =
(Ktan(d)); = 0.15 and the adhesion factors o, = a; = 0.4 are taken into account.
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Figure 8.2: Drained (a), rapid (b) extraction resistance (solid lines), and relative suction
pressure (dashed lines) in SoC profiles.

An uplift displacement of z/L = 0.006 was required to completely mobilise the extraction
capacity in SoC, which is larger than in uniform sand profiles. The drained extraction tests
were conducted after cyclic loading tests with different loading amplitudes and different
number of cycles and the drained extraction capacities are approximately two times larger
than the values obtained from tests in uniform fine silica sand profiles discussed in Sec-
tion 6.1 and in Bienen et al. (2018a).
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The rapid extraction of test SoC-0.5-125S1-20 and test SoC-0.5-150J-21, performed after
drained extraction, show similar results (Figure 8.2b). Hence, the preceding drained ex-
traction is deemed not to affect the capacity mobilised during rapid extraction.

Figure 8.2b shows capacities and mobilisation distances in response to rapid extraction in
SoC, which are similar to those in uniform sand as cavitation limits the uplift capacity.
The caissons in tests SoC-1.0-12551-20 and SoC-1.0-150SI-21 have larger capacity due to
longer skirts. However, the cavitation limit is similar, because the sum of the atmospheric
and the hydrostatic pressure at the soil sample surface was similar. The undrained resis-
tance is maintained further than Az/L = 0.25.

Test SoC-0.5-DCSI-20 conducted with the thick-walled model caisson only reached approx-
imately 50 % of the extraction capacity measured in tests performed with the thin-walled
model caissons. The internal suction pressure does not exceed the atmospheric pressure
and is therefore not visible in Figure 8.2b. The extraction was conducted after the cyclic
loading that involved considerable displacements (Section 8.1.2.2). Hence, an influence of
the response to vertical cyclic loading cannot be ruled out in this case.

8.1.2.2 Response to vertical cyclic loading

Significance of the suction installation history

LSQ 1 was the same in LC 20 and 30 and results in similar response despite different
installation histories as shown in the enlarged section in Figure 8.3 (noting different vertical
axis scales). LC 10 yields increased displacement amplitudes resulting from a reduced
consolidation period prior to the cyclic loading, which is discussed in the following section.
An effect of the installation process is therefore not found. This is consistent with the
re-compression of the soil plug due to lid touch-down, which is discussed in Section 7.1.

Load transfer mechanisms in sand over clay

The results of test SoC-0.5-125S1-20 presented in Figure 8.3 show almost elastic behaviour
with minor net uplift during LSQ 1 and 2. Figure 8.4a reveals that the response at the lid
invert is undrained in each LSQ of every load package as the total stress at the lid invert
is fully carried by the excess pore pressure, i.e. Ao = Awu. This behaviour is representative
for all tests conducted in SoC profiles. Figure 8.4a further provides an indication of the
changing share of skirt and lid contribution in transferring the applied load.

Figure 8.4b shows the applied stress V/A and the proportion transferred through the
lid invert Awu. The difference is carried by the skirt-soil interaction. This indicates that
the skirt resistance is not fully mobilised, despite the fact that the peak stresses of
LSQ 2 exceed the drained extraction capacity in tension (V/A)s =~ 25kPa and simi-
larly the drained capacity in compression — i.e. the combined skirt and tip resistance of
(V/A)s + (V/A)r ~ 25 + 9 ~ 34kPa. The pore pressures at the lid invert cycle with
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Figure 8.3: History of normalised relative vertical displacements during cyclic loading
packages 1, 2 & 3 of load cases 10, 20, and 30.

the applied load so that the degree of mobilisation of the skirt (and tip, in compression)
resistance remains constant: below 60% in LSQ 1 and below 80% in LSQ 2.

The skirt resistance is fully mobilised when the suction caisson is subjected to larger cyclic
loads in LSQ 3 and 4 in test SoC-0.5-125S1-20. This results in an increasing displacement
amplitude shown in Figure 8.3. The stresses transferred through the lid invert gradually
increase with each compressive cycle of LSQ 3 and 4 (Figure 8.4b). This indicates that
the share of vertical load transferred by the lid increases. Although net accumulation of
excess pore pressure exists during these loading sequences, it dissipates during the follow-
ing LSQ 1. This behaviour repeats with each loading package. This indicates that the soil
recovers strength and skirt resistance is regained during low amplitude cyclic loading.

Loading per LC 20 yields maximum displacement amplitudes of approximately Az/L ~
0.01 Minor net uplift emerges, but the results presented in Figure 8.3 show that the ver-
tical space between the hysteresis loops decreases after each load package — i.e. the net
vertical displacement plateaus after several thousand load cycles.

The caisson displacement is governed by the soil permeability in homogenous sand pro-
files, as discussed in Chapter 6. Since the sand plug is hydraulically encapsulated from
ambient by the clay layer in SoC, undrained response and therefore smaller displacement
amplitudes are likely. The dimensionless displacement rate v = (AZL)/c, > 30 (Finnie
and Randolph, 1994), as in LSQ 3 and 4, indicates undrained behaviour. Furthermore,
the tip resistance in clay is relatively low. Hence, the suction caisson responds with simi-
lar stiffness in compression and tension, which is different to uniform sand profiles where
an increased stiffness is present in compression. Test SoC-0.5-125SI-20 shows that the
undrained response to vertical loading and the soft tip response in SoC profiles leads to
moderate net displacements, which is beneficial considering serviceability criteria in SoC.
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Figure 8.4: History of the applied stress, total stress and excess pore pressure at the lid
invert during LSQ 1, 2, and 3 (a), and vertical stresses and history of the excess
pore pressure during LSQ 2 (b) in test SoC-0.5-125SI-20.

The vertical loading amplitudes of LC 10 in LSQ 2, 3, and 4 are 25% larger compared
to LC 20 (Table 8.1) and the consolidation time following installation was substantially
shorter in test SoC-0.5-350J-10 compared to test SoC-0.5-125SI-20. This resulted in signif-
icantly larger displacement amplitudes and net settlements in the short term (Figure 8.3),
with tensile loads being transferred completely through suction pressure at the lid invert.
However, the maximum displacement amplitudes and the rate of net settlement gradually
decrease (Figure 8.5). The resulting long term displacement amplitudes in LC 10 appear
to be proportional to the response during test SoC-0.5-125S1-20 and also plateaus in test
S0C-0.5-350J-10 as the soil recovers strength.
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Figure 8.5: Short and long term response and excess pore pressure at the lid invert during
cyclic loading in test SoC-0.5-350J-10.

Influence of the skirt wall thickness

The comparison between the response of a thin- and a thick-walled model caisson to cyclic
loading per LC 20 is presented in Figure 8.6. The short term response of test SoC-0.5-
DCSI-20 shows considerably increased vertical displacement amplitudes and net uplift.
However, the long term response is characterised by a gradually increasing stiffness, which
eventually leads to considerably reduced relative vertical displacements in each cycle com-
pared to the results of test SoC-0.5-12551-20 (Figure 8.6). In addition, the settlements
measured during the test performed with the thick-walled model caisson contrast the net
uplift observed in the thin-walled model caisson test.

The results presented in Figure 8.6b show that the skirt and tip resistance is not fully
mobilised during test SoC-0.5-DCSI-20. However, similar long term behaviour observed in
test with thin- and thick-walled model caissons. Figure 8.6b further reveals that the skirt
did not carry much load short term, but skirt resistance is eventually mobilised after sev-
eral loading packages, which is in line with the observed long term net settlement response.

Influence of average stress and cyclic loading amplitude

Long-term net settlements instead of net uplift in test SoC-0.5-350J-10 is believed to result
from the increased loading amplitude and therefore from the larger maximum compressive
loads. The comparison between the displacement response between LC 20 and 30 (Fig-
ure 8.3) shows that reduced cyclic loading amplitudes limit the peak displacements while
the overall net uplift trend is similar. This observation is plausible, because Figures 8.4b
and 8.7b reveal similarity between the underlying load transfer mechanisms that govern
the response to vertical cyclic loading in tests SoC-0.5-125S1-20 and SoC-0.5-100SIs-30.
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Figure 8.6: Comparison between the influence of the skirt wall thickness (a) and develop-

ment of the excess pore pressure at the lid invert during cyclic loading of test
SoC-0.5-DCSI-20 (b).

A shift of the average vertical stress (V/A)q,. further into compression changes the re-
sponse to cyclic loading, even if similar excursion into tension are reached in LSQ 2, 3,
and 4. LSQ 1 of LC 21 does not include excursions into tension. The results show that
purely compressive cyclic loading in LSQ 1 yields settlements (Figures 8.8 and 8.9), as
expected. Figure 8.9 also reveals that LC 21 results in larger relative vertical displace-
ment amplitudes compared to LC 20, which is plausible, because larger cyclic loading
amplitudes are required to reach the same tensile peak load starting from an increased
compressive average load. Furthermore, test SoC-0.5-150J-21 visualises the occurrence of
net settlement in response to LSQs that feature significant excursions into tension.
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Figure 8.7: History of vertical stresses and excess pore pressure at the lid invert during
the long term test SoC-0.5-350J-10 (a) and test SoC-0.5-100SI-30 (b).

Figure 8.4 and 8.8 show that compressive loads are transferred by the skirt friction, tip
resistance, and the lid similarly in LC 20 and 21. Figure 8.8 shows that the skirt and
tip resistance are arguably fully mobilised in LC 21 as significant net settlements result
(Figure 8.9) instead of net uplift, which is present in test SoC-0.5-125SI-20.

The transfer mechanisms in tension differs: Tensile loads are completely transferred through
suction pressure at the lid invert in LC 21 (Figure 8.8). Tensile loads are in contrast car-
ried by the skirt friction and suction pressure in test SoC-0.5-125S1-20 (Figure 8.4b).
Excess pore pressures, which are present in compression, dissipate before tensile loading
commences at an increased average vertical stress (LC 21). Internal suction pressure there-
fore develops immediately and provides sufficient resistance. Excess pore pressures only
partially dissipate before tensile loading is reached, if low compressive loads are present
(LC 20). Hence, internal suction is mobilised later in this case and a portion of the tensile
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load is transferred by the skirt resistance. Thus, the presented results suggest that the
average compressive load determines whether cyclic loading with similar excursions into
tension leads to net uplift or net settlement.

Influence of the caisson aspect ratio

The two tests that were performed with a model caisson with an aspect ratio of L/D =1
show a significantly stiffer response to cyclic loading (LC 20 and 21) compared to the tests
performed with the L/D = 0.5 model caisson (Figure 8.9).
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Figure 8.9: History of normalised relative vertical displacements during cyclic loading sub-
jected to model caissons with aspect ratios of L/D = 0.5 and L/D = 1.
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Due to the increased skirt length, the applied loads in LC 20 do not exceed the measured
skirt resistance of (V/A)s ~ 65kPa in tension and the sum of the skirt friction and
the calculated tip resistance (V/A)syir =~ 74kPa (Houlsby et al., 2005) in compression.
Figure 8.10a indeed shows that the skirt and the tip carry most of the vertical cyclic
load applied to the caisson in test SoC-1.0-150S1-20. Thus, significantly lower excess pore
pressures are recorded at the lid invert compared to the test results for a caisson with an
aspect ratio of L/D = 0.5 (Figure 8.4).
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Figure 8.10: History of vertical stresses and excess pore pressure at the lid invert during
test SoC-1.0-150S1-20 (a) and test SoC-1.0-125S1-21 (b).

Similar to the two previously discussed tests conducted with the L/D = 0.5 model caisson,
the development of suction pressure at the lid invert during unloading from significantly
compressive loads applied in LC21, which cycle with the applied load (Figure 8.10b),
consistently provides additional resistance against uplift. Therefore, it is expected to limit
the resulting displacements. The general trend of increased average compressive stresses
shifting the response from net uplift to net settlement occurred in the tests for both
aspect ratios. The increased skirt length provides additional resistance and stiffness in
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compression compared to the L/D = 0.5 model caisson, which substantially reduces the
vertical displacement amplitudes (Figure 8.9).

8.1.3 Results and discussion: clay over sand
8.1.3.1 Tensile limiting capacities

A maximum resistance of /A ~ 10kPa was measured during the drained extraction test
performed in the CoS profile. Hence, the drained uplift resistance is smaller compared to
uniform sand profiles discussed in Chapter 6 and in Bienen et al. (2018a). However, a skirt
resistance within the magnitude of the V/A ~ 25kPa measured in SoC profiles is expected
for the L = 40 mm model caisson, because the skirt is similarly embedded in 20 mm of clay
and sand in both cases. These results indicate a possible presence of flow channels, because
areas of the skirt that are detached from the clay layer do not provide uplift resistance.

The results presented in Figure 8.11a also reveal a dependency between the uplift re-
sistance and the cyclic loading history: A larger net uplift resulting from cyclic loading
expectedly leads to a reduced uplift capacity due to a lower embedded depth z/L in the
beginning of the extraction. Tests CoS-0.5-350-SI-10 and CoS-0.5-350-SIf-10 have a similar
cyclic loading history. However, the drained uplift capacity differs considerably. The only
distinct difference between both tests is an extended waiting period between the cyclic
loading and the extraction of test CoS-0.5-350-SI-10.

The capacity during rapid uplift shown in Figure 8.11b is more complex and depends on
the behaviour of the clay plug. Two different possible mechanisms are identified to govern
the suction caisson extraction in a CoS profile:

(1) It is expected that the clay plug is lifted once the suction pressure at the lid invert
exceeds its self-weight. Therefore, suction pressure will be transferred into the un-
derlying sand. The extraction resistance depends on the degree of drainage in the
sand layer and is limited by cavitation. This case is believed to be present in test
Co0S-0.5-350SIf-10. The distinct change in gradient at Az/L = 0.05 is thought to
mark the beginning of the relative movement of the clay plug and therefore the start
of the suction pressure transferral. The clay plug in test CoS-0.5-350SIf-10 may have
partially obstructed the sensor, resulting in high suction measured at the lid invert
but a relatively low extraction resistance. The uplift capacity measured in this test
is significantly smaller compared to tests conducted in uniform sand (Bienen et al.,
2018a).

(2) If flow channels occur immediately, it is expected that only the drainage conditions
of the underlying sand determine the extraction resistance resulting from rapid ten-
sile loading. The results presented in Figure 8.12 reveal the actual presence of this
mechanism during test CoS-0.5-DCSI-PIV. Minor clay plug uplift is visible in Fig-
ure 8.12a, which corresponds to Az/L > 0.05, i.e. the state before the two curves
relating to this test separate in Figure 8.11b. Significantly reduced clay plug dis-
placements occur (Figure 8.12b). The internal suction pressures developed during
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Figure 8.11: Drained (a) and rapid (b) extraction resistance (solid lines) and suction pres-
sure (dashed lines) in CoS profiles.

test CoS-0.5-DCSI-PIV (Figure 8.11b) can be explained as the clay plug uplift is
present, but slower compared to the caisson upward movement, despite the occur-
rence of flow channels. It is expected that the suction pressure eventually dissipates
completely due to the ongoing development of flow channels, which finally yields the
clay plug drop that was observed by Ragni et al. (2020). However this state was not
reached in this test, because it terminated before the maximum capacity is reached
as the foam seal failed at Az/L ~ 0.2.

Both cases demonstrate that the load transfer mechanisms in CoS profiles differ from those
present during uplift of suction caisson foundations embedded in uniform sand (Bienen et
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Figure 8.12: Normalised resultant clay plug displacement at Az/L > 0.05 (a) and Az/L <
0.1 (b) of an undrained extraction test in a CoS profile.

al., 2018a) and are considerably more complex. Clay plug uplift and the resulting drainage
conditions in the underlying sand layer critically influence the response.

8.1.3.2 Response to vertical cyclic loading

Significance of the suction installation history

Figure 8.13 presents the response to vertical cyclic loading of two tests with different
suction installation histories (Table 8.1) but identical loading cases. The target tensile
vertical load in test CoS-0.5.350SIf-10 was underachieved. However, both test show a
similar response in compression and comparable net uplift development over five loading
packages. No distinct difference was found between these two tests. Consequently, no
evidence of a possible influence of the installation history on the vertical cyclic load transfer
mechanisms was found in this study. This is consistent with the findings discussed in
Section 7.1.
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Figure 8.13: History of normalised relative vertical displacements during cyclic loading.

Load transfer mechanisms in clay over sand

The results presented in Figure 8.14 show an almost elastic response to LSQ 1 of LC 10,
whereby the maximum targeted tensile load of V/A ~ 8kPa is not expected to exceed the
drained skirt resistance. The caisson responds with substantially increased displacement
amplitudes in tension once the drained capacity is exceeded — especially in LSQ 3 and 4.
The displacement amplitudes are approximately two times larger than in comparable tests
conducted in uniform fine silica sand (see also Chapter 6). The pore pressure measured
at the lid invert cycles with the vertical load (Figure 8.14a), which is also similar to the
behaviour in sand. The history of the effective load further indicates significantly stiffer
response in compression (Figure 8.14b). This is also consistent with the caisson response
to similar test performed in sand discussed in Chapter 6.

Figure 8.14 represents undrained behaviour at the lid invert in compression and tension as
expected due to clay constituting the top of the soil plug. The drainage regime in the sand
layer depends on the drainage path length and hence on the uplift of the clay plug and/or
any flow channels developing along the skirt interface. The area covered by the hysteresis
loops is larger in CoS than in sand, corresponding to a higher degree of drainage overall
as already seen in Section 8.1.3.1.

The reasonably stiff response to compressive loads is also influenced by the tip resistance.
For instance, Figure 8.14a shows that the tip carries approximately 50 % of the applied
compressive load during LSQ 3, which implies net uplift in each load package — especially
from the second load package. Based on the presented results, it is concluded that the
mobilisation of the tip resistance in compression determines the net uplift response of the
suction caisson foundation embedded in a CoS profile when subjected to vertical cyclic
loading.
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Figure 8.14: History of vertical stresses and excess pore pressure at the lid invert during
test CoS-0.5-350SI-10 (a) and history of the effective vertical load during
cyclic loading package 2 & 3 in CoS and uniform sand.

Influence of the skirt wall thickness

The results of the same loading history applied to the thin and thick-walled suction caissons
are shown in Figure 8.15. While LC 10 results in net uplift after each loading package in
both cases, substantially larger net uplift occurred in the test CoS-0.5-DCSI-10 performed
with the thick-walled model caisson. Figure 8.15b reveals the thick skirt tips transfer an
increased share of the applied compressive load compared to test CoS-0.5-350SI-10 (Fig-
ure 8.14a). However, the response to tensile loading is similar. Consequently, settlements
in compression are limited in test CoS-0.5-DCSI-10 (Figure 8.15a) and net uplift emerges —
especially after LSQ 4. While the installation response may be similar as the tip resistance
is reduced due to the applied suction, the skirt wall thickness affects caisson response under
vertical cyclic loading as the t = 2 mm skirt wall thickness attracts considerably increased
tip resistance compared to the model caisson with ¢ = 0.5 mm skirt wall thickness.
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Influence of average stress and cyclic loading amplitude

The response to vertical cyclic loading presented in Figure 8.16 is significantly different in
each of the four LCs, which differ in terms of average load and cyclic loading amplitude
or both (Table 8.1). The results of (1) similar average stress, but different cyclic loading
amplitude, (2) different average stress, but similar cyclic amplitude, and (3) different
average stress, but similar tensile load are discussed below:

(1) LC 10 and LC 20 have the same average compressive stress, but the amplitude
of LSQ 2, 3, and 4 is reduced by 25% in LC 20. Figure 8.16 shows a significant
increase of the net uplift due to the reduction of the loading amplitude — especially
during LSQ 3 and 4. The magnitude of uplift in a single cycle during LSQ 3 and 4 is
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comparable. Furthermore, Figures 8.14a and 8.17 show a comparable development of
suction pressure at the lid invert during tensile loading. This indicates the presence
of a similar tensile load transfer mechanism characterised by a combination of skirt
resistance and internal suction pressure, which is believed to be transferred through
the clay plug into the underlying sand in both tests.

The suction pressure dissipates once the loading moves into compression and excess
pore pressure develops. Figure 8.17 shows that the maximum excess pore pressure is
lower in test CoS-0.5-350SI-20 compared to test CoS-0.5-350SI-10. Thus, a reduced
share of the vertical load is transferred through the lid. Reduced cyclic amplitudes
imply lower maximum compressive stresses and therefore reduce settlements, as ex-
pected. Since the overall response in compression is significantly stiffer than in ten-
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sion, the reduction of the loading amplitude reinforces the imbalance of upward and
downward displacement during cyclic loading, which yields increased net uplift. This
imbalanced response is also discussed for sand by Bienen et al. (2018b).
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Figure 8.18: History of vertical stresses and excess pore pressure at the lid invert (a) and
vertical displacements during cyclic loading package 2 (b) of test CoS-0.5-
350SI-11.

(2) A shift of the average load into compression while maintaining the cyclic loading am-
plitude (LC 10, LC 11) results in net settlement instead of net uplift, which is shown
in Figure 8.16. Furthermore, the displacement amplitude measured in test CoS-0.5-
350S1-11 is significantly smaller compared to test CoS-0.5-350SI-10. Figure 8.18a
shows that suction pressure already develops during unloading from compression.
This yields additional uplift resistance and is expected to reduce the respective dis-
placement amplitude. Furthermore, Figure 8.18a shows compressive behaviour that
is similar to the results of test CoS-0.5-350S1-20 presented in Figure 8.17 — i.e. the
majority of the compressive load is carried by the skirt. Similar response was observed
in uniform Baskarp sand (Bienen et al., 2018a; Bienen et al., 2018b).
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The increased compressive average load also implies that tension is not applied before
LSQ 3. This leads to the response illustrated in Figure 8.18b: almost elastic behaviour
in LSQ 1, net settlements in LSQ 2 and 3, and zero net displacement in LSQ 4. The
occurrence of settlements despite excursions into tension in LSQ 3 and the absence
of net uplift in LSQ 4 shown in Figure 8.18b is remarkable here. It indicates that
tensile cyclic loading exceeding the drained extraction capacity can be withstood
without resulting in net uplift. The comparison between the responses to loading
of LC 10 and 11 consequently indicates that the average vertical stress, i.e. the
compressive stress following an excursion into tension, determines the direction of
net displacements in CoS profiles. This is similar to findings for suction caissons in
sand (Bienen et al., 2018b).
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Figure 8.19: History of vertical stresses and excess pore pressure at the lid invert (a) and
vertical displacements during cyclic loading package 2 (b) of test CoS-0.5-
350SI-21.

(3) Results of tests with different average but similar tensile stresses (LC20, 21) provide
the following insights: The higher average compressive stress in LC 21 leads to a
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significant change in displacement response compared to LC 20, which is shown in
Figure 8.16. Net settlement instead of excessive net uplift was observed during test
CoS-0.5-350S1-21, which is consistent with the previous results. The development of
pore pressures and the share of load carried by the lid invert presented in Figure 8.19a
is similar to the response to LC 11 shown in Figure 8.18a. This confirms that the
average vertical load indeed determines the overall response to vertical cyclic loading
in CoS profiles.

A more detailed evaluation of LSQ 3 provides the following insights: LC 21 already
featured excursions into tension that exceeded the drained extraction capacity from
LSQ 2. Figure 8.19b shows that net settlements were measured during LSQ 1 and
2 and net uplift was recorded during LSQ 3 and 4, which result in marginal net
vertical displacements overall. This comparison between test CoS-0.5-350-S1-20 and
Co0S-0.5-350-SI-21 demonstrates a suction caisson foundation in CoS can withstand
similar tensile loads without considerable net deformations, if a sufficiently large
compressive load follows the tensile load.

Based on the presented group of cyclic loading test, it is concluded that the development
of suction pressure inside the caisson has a major effect on the displacement magnitude
resulting from tensile loading in CoS profiles. The significantly stiffer response in compres-
sion due to the large tip resistance favours net uplift as the tensile and compressive load
have a similar magnitude during cyclic loading. A shift towards more compressive average
vertical load was found to be beneficial to establish balance between uplift in tension and
settlement in compression, which eventually limits the permanent net displacement.

8.1.4 Remarks on the centrifuge tests

The installation history was found not to significantly influence the behaviour under verti-
cal cyclic loading including excursions into tension as SoC and CoS soil profiles have been
considered. Undrained conditions are governing the suction caisson response in SoC. The
sum of cycling internal excess pore pressures and the skirt and tip resistance yield a rela-
tively balanced response to the investigated LCs. The average vertical load and the loading
amplitude certainly influence the in-service caisson performance. The vertical cyclic load-
ing response in CoS is more complex: The interplay between internal excess pore pressures
and skirt and tip resistance plays a major role again. The internal clay plug movement and
a potential transfer of pore pressures into the underlying sand plug have been identified to
play a crucial role in the caisson response to vertical cyclic loading in CoS. Considerably
stiff behaviour in compression yields net uplift at relatively low average loads within the
range of the investigated LCs.

The presented experiments provide comprehensive insights into the load bearing behaviour
of suction caissons in layered soils. The presented data forms a novel database which can
be utilised for the development of predictions methods. Methods capturing soil layer and
soil-structure interaction need to be implemented. Numerical simulations are considered to
be a suitable method to provide further insights and predictions of the in-service behaviour
of suction caissons embedded in SoC and CoS.
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8.2 Numerical simulations

An extended version of the model presented in Section 6.2 is utilised. This model is capable
of the simulation of the loading bearing of a suction caisson foundation embedded in layered
soil profiles. The numerical simulations target the underlying load bearing mechanisms
and the prediction of the caisson load displacement behaviour. The study consists of two
steps: First, the data calculated from the numerical model is compared to the centrifuge
test results presented in Section 8.1. In a second step, variations of the numerical model
are presented in order to investigate frontiers and opportunities of numerical simulations
of suction caisson foundations subjected to vertical cyclic loading.

8.2.1 Numerical modelling and testing procedure

The numerical simulations are performed with Abaqus/Standard 2018 (Dassault Systemes,
2018). The one-phase formulation is employed, if undrained behaviour is investigated in
SoC. The analyses involving sand require the utilisation of the two-phase formulation in
order to cover partially drained response. The numerical model utilised for the numeri-
cal simulations is shown in Figure 8.20. The dimensions shown in Figure 8.20a slightly
differ from the centrifuge tests in order to minimise boundary effects in the numerical
simulations. The two-dimensional axisymmetric model geometry is meshed with high or-
der rectangular elements (CAX8) for the one-phase SoC simulations. CAX8P elements
featuring a pore pressure degree of freedom are required for calculations involving a CoS
soil profile (Dassault Systémes, 2018).

The caisson is a rigid body meshed with triangular elements (CAX6). A half circular
shaped skirt tip reduces artificial stress peaks. The entire mesh is shown exemplary in
Figure 8.20b. It illustrates that small elements are located close to the caisson. A more
coarse mesh is utilised further away from the area where the largest deformations are
expected. The model dimensions actually employed for each numerical model are listed in
Table 8.2.

Table 8.2: Numerical model caisson dimensions.
Model No. D (m) L (m) ¢t (cm)
10 8 4 5
20 8 8 5

The horizontal displacements are locked at the axis of symmetry and outside the verti-
cal edge of the model geometry, while vertical displacements are permitted. The bottom
features a zero vertical displacement BC. These three edges are also hydraulically imper-
meable in the two-phase simulations. The displacements at the soil surface are unlocked,
while a pore pressure BCs is applied on the free surface in order to allow drainage if re-
quired. The vertical load V' is applied to the rigid caisson through a concentrated vertical
force subjected at the RP that is located at the axis of symmetry.
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Figure 8.20: Dimensions (a) and finite element mesh (b) of the numerical model utilised
for FEM analyses of the suction caisson response to vertical cyclic loading in
a layered soil profile.

The parameters required for the utilised hypoplastic constitutive models (., hs, ng, €40,
€0, €0, @, and ) are summarised in Table 8.3, 8.4, and 8.5. The parameters for fine silica
sand are determined under consideration of the laboratory test discussed in M. N. Tran
(2005), Pucker et al. (2012), and Chow et al. (2018). The laboratory experiment results
discussed in Qui (2012) and Masin (2019) from the basis of the determination of the given
parameters for kaolin clay. The parameters required as input for the ISA formulation (mg,
R, Bro, Xos Xmaz, Cas Cz, and Brmaz) are found iteratively through numerical analyses and
under consideration of the guidelines referred in Fuentes et al. (2019), Fuentes et al. (2018),
and Fuentes et al. (2017a). The initial void ratio ey and the interface friction parameters
(14, Tmaz, and ;) listed in Table 8.6 are derived from the results of the centrifuge experi-
ments referred in Section 8.1.

The simulations are conducted in accordance to the following procedure: First, the effective
stresses and optionally the hydrostatic pressure, are applied during the K, procedure. A
minimum load is applied at the caisson in order to minimise an effect on the K conditions.
Load controlled caisson static and cyclic loading commences once stable K conditions are
reached.
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Table 8.3: ISA-hypoplasticity model parameters for FEM simulations featuring fine silica

sand and kaolin clay.

Parameter Symbol  Unit Fine silica sand Kaolin clay
Critical friction angle ©c (°) 30 20
Granular hardness hs (MPa) 1354 1354
Barotropy exponent ng (-) 0.34 0.34
Minimal void ratio €do (-) 0.49 0.49
Critical void ratio €c0 (-) 0.79 0.79
Maximum void ratio €0 (-) 0.86 0.86
Dilatancy exponent a (-) 0.18 0.18
Pyknotropy exponent g (-) 1.27 0.5
Stiffness factor mg (-) 4 5

IS yield surface R (-) 1-1074 1-1074
IS hardening parameter Bho (-) 0.2 0.076
Minimum value of IS exponent Xo (-) 4 7
Maximum value of IS exponent Xmaz (-) 25 40
Accumulation rate factor Ca (-) 0.04 0.005
Cyclic mobility factor . (-) 150 150
Maximum IS hardening parameter Spmas (-) 3 3
Bulk modulus water K, (MPa) 2.2-10? 2.2-10?
Effective permeability k¢ (m/s) 9.87-107° 1.7-107°
Density water P (t/m?) 1 1
Grain density solid Ps (t/m?) 2.65 2.67

Table 8.4: Visco-hypoplasticity model parameters for FEM simulations featuring kaolin

clay.
Parameter Symbol Unit Kaolin clay
Critical friction angle Dc (°) 20
Compression index A (-) 0.205
Swelling index K (-) 0.044
Shape of rendulic surface By (-) 0.5
Leinenkugel’s index of viscosity I, (-) 0.05
Reference creep rate Dr (1/s) 1-107°
Stiffness factor (90°) mr (-) 2
Stiffness factor (180°) Mg (-) 5
Max. intergranular strain R (-) 1-107*
IS hardening exponent Br (-) 0.05
Stiffens degradation exponent  x (-) 1
Overconsolidation ratio OCR (-) 8
Initial void ratio €o (-) 1.09
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Table 8.5: Mohr-Coulomb model parameters for FEM simulations featuring kaolin clay.

Parameter Symbol  Unit Fine silica sand Kaolin clay
Undrained shear strength s, (kPa) - 47.2
Young’s modulus E (MPa) 60 1.2
Poisson’s ratio v (-) 0.475 (0.25) 0.475

Poisson’s ratio for drained conditions in brackets

Table 8.6: Model parameters for the soil-structure interaction.

Parameter Symbol Unit  Fine silica sand Kaolin clay
Interface friction coefficient (-) 0.15 0.15
Shear stress limit Trma (kPa) 12 20
Allowable elastic slip i (-) 0.005 0.005

The cyclic loading sequences applied in the numerical simulations aim to reproduce the
BCs, which are present during the centrifuge experiments. Hence, the loading amplitude
and frequency are taken from Table 8.1. However, the number of cycles is reduced to
a minimum in order to reduce computational costs. The average load from Table 8.7 is
applied to the caisson first. A waiting period of ¢ = 60s that allowed consolidation in
the two-phase simulation commenced before the cyclic loading packages are applied. The
waiting period is not necessary in the one-phase simulation in order to achieve initial
conditions, which are comparable to the centrifuge test. The history of the vertical cyclic
loading is shown in Figure 8.21.

8.2.2 Results and discussion: sand over clay

The calculated results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.

Table 8.7: Load cases and specifications of the four cyclic loading sequences applied in the
numerical simulations in layered soil profiles.

LC Sequence number 1 2 3 4
Number of cycles n (-) 18 5 3 1

20N Load amplitude V' (N) 40+80  40£150 404300 40 4450
Stress amplitude V/A (kPa) 8+ 16 8+ 30 8 + 60 8+ 90
Number of cycles n (-) 18 5 3 1

21N Load amplitude V' (N) 160 £ 120 160 +£270 160 +£420 160+ 570

Stress amplitude V/A (kPa) 32+24 32+ 54 32+84 324114
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Figure 8.21: History of four vertical cyclic loading sequences in LC 20N and LC 21N.

8.2.2.1 Monotonic load bearing mechanisms

The results obtained from experiments and numerical simulations are compared in order
evaluate and validate the numerical model. Consolidation resulting from compressive load-
ing is investigated first. The drained and the rapid caisson extraction are back calculated
afterwards. Each calculation is performed with model no. 10 as referred in Table 8.2.

The calculated response to the application of a vertical load of V' = 5850kN (V/A =
116 kPa) and subsequent unloading to V' = 400kN (V/A = 8kPa) is presented in Fig-
ure 8.22. The maximum settlements calculated with the elastic-plastic Tresca and the
visco-hypoplastic constitutive model are slightly different, but fall within the magnitude
of the measured values. However, the instantly occurring displacements are overestimated
and the settlements resulting from consolidation are underestimated. The modification of
the effective permeability is therefore not expected to improve the similarity between the
measured and calculated results. However, fitting by the means of modifying the input pa-
rameters certainly would yield an improved match, but is expected to violate parameters
that were obtained from laboratory tests. Hence, fitted results are not presented in order
to evaluate the applicability of numerical prediction methods.
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Figure 8.22: History of vertical displacements during static loading in SoC.
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The uplift response during unloading from V/A = 116 kPa to V//A = 8 kPa is overestimated
by the numerical simulations with both constitutive models compared in Figure 8.22. This
is plausible for the Tresca model, because the same Young’s modulus is taken into account
for loading and unloading. The utilised visco-hypoplastic constitutive model features the
intergranular strain concept, which is expected to increase the unloading stiffness and
therefore limit the caisson uplift during unloading. However, the visco-hypoplastic consti-
tutive model also accounts for viscous effects that depend on the loading rate. The instant
unloading taken from the centrifuge test yields an unloading rate of /A =~ 100kPa/s.
Hence, the viscosity-dependence has an influence on the calculated results. Considerable
viscosity effects are expected to play a role for normally or slightly overconsolidated clay
(Niemunis et al., 2009), but highly overconsolidated clay with an overconsolidation ratio
of OCR = 7.1 at the skirt tip utilised in the centrifuge experiments is considered in the
numerical simulation.

Despite the consideration of the initial overconsolidation ratio OCR = 8 in the numerical
simulations, it is questionable, if the utilisation of the visco-hypoplastic model is reasonable
in this case. However, the numerical model reproduced the expected response in general.
Hence, the presented numerical model is considered to be capable of the simulation of the
monotonic vertical compressive loading and unloading of a suction caisson foundation.

Figure 8.23 shows the measured and calculated vertical stress required for the drained suc-
tion caisson extraction in SoC. The performed one-phase calculation accounts for drained
conditions. The contour plot of the normalised vertical displacements presented in Fig-
ure 8.24b shows lid separation and no soil plug heave. This confirms that the extraction
takes place under virtually drained conditions — i.e. only skirt resistance is mobilised.
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Figure 8.23: Drained the extraction resistance (a) and normalised resultant displacement
contours at a relative caisson displacement of Az/L =9-1073 (b) in SoC.
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The calculated drained extraction resistance matches the measured values (Figure 8.23).
The required uplift for full mobilisation of the resistance is slightly underestimated. How-
ever, the numerical model is considered to be suitable for the simulation of the drained
suction caisson extraction from a SoC profile.

Figure 8.24 shows the calculated results of the rapid suction caisson extraction from a SoC
soil profile. The undrained response targeted in the centrifuge test is taken into account in
the numerical simulation. The extraction resistance obtained from experiments approaches
a certain maximum, which is comparable to centrifuge tests conducted with Baskarp sand
(Bienen et al., 2018a). However, the calculated results do not reach a maximum, i. e. fail-
ure is not reached within the investigated maximum displacement. The measured and
calculated vertical stresses increase similarly until the curve obtained from centrifuge test
S0C-0.5-150J-21 changes gradient. Cavitation was found to limit the rapid extraction re-
sistance (see Section 8.1). Cavitation is not taken into account in the numerical model,
which consistently yields an overestimation of the uplift resistance.
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Figure 8.24: Rapid extraction resistance (a) and normalised resultant displacement con-
tours at a relative caisson displacement of Az/L = 0.1 (b) in SoC.

The contour plot presented in Figure 8.24b reveals that the entire soil plug is lifted during
rapid extraction. The largest resultant displacements occur inside the caisson as expected.
Hence, the numerical model is considered to be suitable for the simulation of rapid ex-
traction of a suction caisson foundation only, if cavitation does not occur. It is noted
that cavitation is not expected to be involved in the investigations on vertical cyclic load-
ing, because the maximum applied tensile load is /A = 82kPa (see Table 8.6). This is
sufficiently smaller than the investigated extraction resistance V/A > 200 kPa.
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8.2.2.2 Cyclic load bearing mechanisms

The next group of numerical simulations featuring cyclic loading targets further evaluation
of the numerical model. The experimental results discussed in Section 8.1 and a numerical
back analysis are compared. It is noted that the number of simulated load cycles is limited
to a minimum, which is considered to maintain comparability between experimental and
numerical investigations. The caisson response presented in Figure 8.25 features the first
two loading packages of the experimental and the numerical data. Three different consti-
tutive models — visco-hypoplasticity (VHP), Tresca (TRE), and ISA-hypoplasticity (ISA)
— are utilised due to the uncertainties discussed in the previous section.

-0.02 T T T T T

-0.015

LSQ 4

-0.01 LSQ 2 l

\
X

-0.005

LSQ 3
0.005

LSQ 1

0.01

Relative vertical displacement Az/L

Relative vertical displacement Az/L

Figure 8.25: History of vertical displacements during cyclic loading as per LC 20N obtained
from experiments (a) and numerical simulations (b) in SoC.
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Figure 8.25b shows that each of the three numerical models yields different displacement
amplitudes in LSQ 1. An almost elastic long term behaviour during LSQ 1 is observed
during the centrifuge test presented in Figure 8.25a. The calculation employing the Tresca
constitutive model provides a sufficient match for LSQ 1. This also holds for LSQ 2. The
Tresca constitutive model yields elastic-plastic response during the first cycle of each LSQ
of the first loading package and elastic response otherwise. The calculated settlement re-
sponse to LSQ 4 and the elastic behaviour that is simulated in the entire second loading
package indicate that the constitutive model is not suitable. However, the calculated dis-
placement amplitudes are within in an comparable magnitude with the measured values
(see Figure 8.25).

The utilisation of visco-hypoplastic constitutive model leads to a significant overestimation
of the vertical displacement amplitudes. This underpins the discussion regarding mono-
tonic loading. The simulation terminates due to errors during the calculation of LSQ 4.
The errors result from the calculation of inadequate stress states eventually causing exces-
sive mesh distortion around the skirt tip. However, it is noted that the overall response to
cyclic loading is balanced despite the occurrence of significant displacement amplitudes.
This indicates that the soft tip response including potential local failure zones in clay is
captured by the numerical model.

The limited tip resistance and undrained behaviour were identified to determine the dis-
placement response based on the centrifuge test results discussed in Section 8.1. The mod-
ification of ¢., 5, the ISA input parameters, and the introduction of the bulk modulus of
water K, enable the consideration of both aspects in the hypoplastic constitutive model
featuring the ISA formulation. The calculated results presented in Figure 8.25b show sim-
ilar behaviour, albeit the displacement amplitudes are considerably underestimated. This
indicates that the constitutive model, which is originally deemed to simulate the behaviour
of sand, does not provide a sufficient solution for overconsolidated clay. Consequently, a
constitutive model capturing clay plasticity and cyclic loading effects is required. An ISA
implementation in advanced constitutive models for example is presented by Fuentes et al.
(2018) and Fuentes et al. (2017a), but remains confidential to date.

8.2.2.3 Influence of the stress and cyclic loading amplitude

Significantly larger displacement amplitudes resulting in net uplift instead of settlements
are evident from the physical experiments (see Figure 8.26a). The net displacements emerge
in particular during LSQ 3 and 4. The numerical analyses results presented in Figure 8.26b
have the same shortcomings that were discussed in the previous section. The increased av-
erage vertical load and the higher loading amplitudes do not have a significant influence on
the analysis results. The constitutive models utilised to simulate the undrained behaviour
of significantly overconsolidated kaolin clay do not yield sufficient results. This holds for
simple and advanced constitutive models.
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Figure 8.26: History of vertical displacements during cyclic loading as per LC 21N obtained
from experiments (a) and numerical simulations (b) in SoC.

8.2.2.4 Influence of the caisson aspect ratio

The response to vertical cyclic loading of a caisson with an increased skirt length yield-
ing an aspect ratio of L/D = 1 is investigated by the means of the model no. 20 listed in
Table 8.2. LC 20 is applied for comparison to the results discussed in the previous sections.

The analysis results presented in Figure 8.27 show that the skirt length has a significant
influence on the displacement response, as expected. Reduced displacement amplitudes
and predominately elastic behaviour are observed in all four LSQs. The increased skirt
length provides additional resistance in tension and in compression. Thus, it carries a
significant share of the applied vertical load. This changes the load bearing behaviour and
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Figure 8.27: History of normalised vertical displacements during cyclic loading during sub-
jected to caissons with aspect ratios of L/D = 0.5 and L/D = 1.

is consistent with the experimental results discussed in Section 8.1. Hence, the presented
analysis results illustrate that an increased aspect ratio benefits the in-service performance
of a suction caisson in SoC subjected to vertical cyclic loading. This is consistent with the
experimental results discussed in Section 8.1.

8.2.3 Results and discussion: clay over sand

The calculated results are presented in non-dimensional form, unless stated otherwise.
Positive values indicate compression and downward displacements, whereas negative values
represent tension and upward displacements.

8.2.3.1 Monotonic load bearing mechanisms

Results obtained from experiments and numerical simulations are compared in order to
evaluate and validate the numerical model. A first step includes compressive loading fea-
turing consolidation. The drained and the rapid caisson extraction is also investigated.
Each calculation is performed with model no. 10 as referred in Table 8.2.

The calculated response to the application of a vertical load of V' = 5850kN (V/A =
116 kPa) and subsequent unloading to V' = 400kN (V/A = 8kPa) is presented in Fig-
ure 8.28. The calculated vertical displacements resulting from compressive loading are
enveloped by the experimental results. The displacements resulting unloading to V/A =
8 kPa is measured in test Cos-0.5-350S1f-10 and the back calculation have a similar magni-
tude. Hence, the numerical model is suitable for the simulation of the monotonic vertical
compressive loading and unloading of a suction caisson foundation.
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Figure 8.29a shows the measured and calculated vertical stress required for the drained suc-
tion caisson extraction in CoS. A sufficiently low dimensionless loading rate v' = (AzL)/c,
(Finnie and Randolph, 1994) is applied to ensure drained conditions. The contour plot of
the normalised vertical displacements presented in Figure 8.29b shows lid separation and
no soil plug heave. This confirms that drained conditions are present.
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Figure 8.29: Drained the extraction resistance (a) and normalised resultant displacement
contours at a relative caisson displacement of Az/L =9-1073 (b) in CoS.

The calculated drained extraction resistance is slightly higher than the measured values.
The uplift distance required for full mobilisation of the resistance is underestimated. A
considerable influence of the loading history and the skirt penetration depth is likely to
effect the experimental results. This point is discussed in Subsection 8.1.3. A generalised
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simulation neglecting the loading history is therefore not expected to match each experi-
mental result presented in Figure 8.29a. Hence, the numerical model is considered to be
suitable for the simulation of the drained extraction of suction caissons embedded in CoS.

The results from the simulation of the rapid suction caisson extraction are presented in
Figure 8.30. The calculated history of the vertical stresses and excess pore pressures shown
in Figure 8.30a reveals that predominantly undrained response is present as a normalised
displacement rate v’ > 30 is applied in the numerical simulation. The contour plot pre-
sented in Figure 6.13b reveals that the entire soil plug is lifted during rapid extraction.
Thus, undrained response is indeed achieved.

Resultant displacement (z+r)/(2L)
Vertical stressV/A and suction pressure Au (kPa) x107

0 0-2200 -150 -100 -50 0 0 25 5 75101251517.52022.5
-U. T T T

</

-0.015

1

1

1

1

1

1

-0.01 1
|
\

Relative vertical displacement Az/L

-0.005 =
C0S-0.5-350SIf-10 .
0 Simualtion (ISA) . -
(a) (b)

Figure 8.30: Rapid extraction resistance (solid lines) and relative suction pressure (dashed
lines) (a) and normalised resultant displacement contours at a relative caisson

displacement of Az/L = 22.5-1073 (b) in CoS.

Figure 8.30a shows that the extraction resistance approaches a certain maximum in the
experiment, but increases rapidly without approaching any maximum in the numerical
analysis. Cavitation and liquefaction, which are not taken into account in the calculations,
are expected to play a minor role due to the soil stratification, albeit the stratification itself
does. Clay plug uplift is required to mobilise resistance beyond the skirt resistance. The
potential occurrence of local flow channels has been identified as a limiting factor based
on the discussion in Subsection 8.1.3. Figure 8.31 shows two photographs taken during the
rapid half-model caisson extraction before and after flow channels formed. Figure 8.31b
also shows that clay plug uplift is present during the experiment. The local occurrence
of flow channels cannot be considered in an axisymmetric numerical model employing a
mesh-based method. Hence, the presented numerical model is not suitable for investiga-
tions on the rapid caisson extraction from CoS.
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Figure 8.31: Photographs of the rapid half-model caisson extraction before (a) and after
(b) the formation of flow channels in CoS.

It is noted that further numerical investigations on this specific problem require large
deformation methods that capture water flow through porous sand and around nearly
impermeable clay. Furthermore, soil layer and soil-structure interaction must be captured
as well as the localisation of failure zones in order to model arbitrarily occurring local flow
channels. A double point MPM formulation (Fern et al., 2019) is a reasonable approach
for instance. However, based on the current state of the art substantial development is
required. The undrained caisson extraction from a CoS profile is a highly specific problem,
which furthermore plays only a minor role considering the in-service performance of a
suction caisson (see Subsection 8.1). Hence, the implementation is assessed not worthwhile,
because of the limited overall benefit.

8.2.3.2 Cyclic load bearing mechanisms

This numerical investigation on cyclic loading targets further evaluation of the numerical
model. The experimental results discussed in Section 8.1 and a numerical back analysis
are compared. It is noted that the number simulated load of cycles is limited to a mini-
mum which is considered to maintain comparability between experimental and numerical
investigations.

The caisson response presented in Figure 8.32 features the first loading package of the ex-
perimental and the numerical data. The caisson response in LSQ 1 is similar: The vertical
displacement response shows almost elastic behaviour in LC 20 and marginal settlements
in LC 21. LSQ 2 yields marginal net settlements in LC 20 and approximately Az/L = 0.01
total caisson downward displacement in LLC 21. The numerical simulation results feature
a similar trend in both LCs. The calculated response during LSQ 3 and 4 is comparable
to the experimental results in LC 21. This holds for the displacement amplitude and for
the net displacements. The experimental and the calculated results differ considerably in
LSQ 3 and 4 of LC 20. Net settlement response is calculated from the numerical analysis.
Net uplift and significantly larger displacement amplitudes are observed during LSQ 3 and
4 during the centrifuge experiment (see Figure 8.32a).
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Figure 8.32: History of vertical displacements during cyclic loading during obtained from
experiments (a) and numerical simulations (b) in CoS.

Figure 8.33 shows the calculated pore pressure development at the lid invert and below the
clay plug. The numerical analyses indicate distinct excess pore pressure development in
compression, but the centrifuge tests, discussed in Section 8.1, only show minimal excess
pore pressures during LSQ 1 and 2. The pore pressures at the lid invert remain negative
during LSQ 3 and 4 in the centrifuge experiments featuring LC 20 (see Figure 8.17) and
LC 21 (see Figure 8.19a). However, the load transfer mechanisms in tension are similar.
This indicates that the mobilisation of the skirt resistance is modelled sufficiently. This
leaves the tip resistance to be the source for inaccuracy: The skirt tip region consists of
small elements in the numerical analyses. In addition, separation of the contact surfaces
at the skirt tip is required in order to achieve appropriate response in tension. This results
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Figure 8.33: History of the applied stress and excess pore pressure at the lid invert during
LSQ 1, 2, and 3 in simulation CoS-0.5-FEM-20 (a) and CoS-0.5-FEM-21 (b).

in an underestimation of the tip resistance in compression. Hence, the conceptual limita-
tions of the Lagrangian FEM restrict the applicability of numerical predictionism methods
when it comes to vertical cyclic loading including compressions and tension. Hence, the
tip resistance is underestimated by the numerical analyses due to modelling limitations.

8.2.3.3 Influence of the stress and cyclic loading amplitude

Significantly larger displacement amplitudes resulting in net uplift (Figure 8.32a) instead
of settlements are evident from the physical experiments at a low magnitude compressive
average load (LC 20). The net uplift emerges in particular during LSQ 3 and 4, when clay
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plug uplift is expected to occur due to the magnitude of the applied tensile load exceeding
the plug self-weight and internal skirt friction. Seepage flow into the sand plug results.
This mechanism is considered in the two-phase numerical analysis. The calculated suction
pressure development in the sand part of the soil plug is shown in Figure 8.33. However,
accompanying material displacement around the skirt tip is not captured in the numerical
model due to insufficient element deformation. Consequently, the mobilisation of the tip
resistance and therefore the stiffness response in the compressive cycle following tensile
loading becomes inaccurate in the numerical simulation with cyclic increased loading am-
plitudes. Numerical analyses featuring low magnitude compressive average loads (LC 20)
and excursions into tension that considerably exceeding the drained frictional capacity
are particularly inaccurate. However, predictions are more accurate for increased average
compressive average load — e. g. for LC 21.

8.2.3.4 Influence of the caisson aspect ratio

The response to vertical cyclic loading of a caisson with an increased skirt length yielding
an aspect ratio of L/D = 1 is investigated by the means of model 20 listed in Table 8.2.
LC 20 is applied for comparison to the results discussed in the previous sections.

The analysis results presented in Figure 8.34 show that the skirt length has a major
influence on the displacement response. Significantly reduced displacement amplitudes and
predominately elastic behaviour is observed in all four LSQs, if the aspect ratio is increased
from L/D = 0.5 to L/D = 1. The comparison between Figure 8.33a and Figure 8.34b
emphasises that the increased skirt length provides additional resistance in tension and
compression and therefore carries a significant share of the applied vertical load. This is
accompanied by a reduction of the internal pore pressure amplitudes. The numerical results
indicate that the pore pressures at the lid invert are still transferred into the underlying
sand part of the soil plug. Hence, the presented results illustrate that an increased aspect
ratio indeed benefits the in-service performance of a suction caisson subjected to vertical
cyclic loading.

8.2.4 Remarks on the numerical simulations

The performed numerical analyses show that monotonic loading is captured sufficiently
by the utilised numerical models, if liquefaction and cavitation are not considered. A back
calculation of the experimental results, i.e. the consolidation time, settlements, and the
drained extraction resistance is feasible in SoC and SoC. Cavitation and liquefaction typ-
ically limit the rapid extraction resistance, which should be taken into account, if further
insights into this specific topic are required. The presented numerical simulations featur-
ing repetitive loading provide sufficient results, if only moderate loading amplitudes are
considered. Limitations of the currently available constitutive models restrain numerical
analyses involving SoC.
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Figure 8.34: History of normalised vertical displacements during cyclic loading subjected
to caissons with aspect ratios of L/D = 0.5 and L/D =1 (a) and history of
applied stress and excess pore pressure at the lid invert in simulation CoS-
1.0-FEM-20N (b).

8.3 Concluding remarks on the response to vertical cyclic
loading in layered soil
Investigations of the suction caisson performance under vertical cyclic loading test into

tension in layered soils have been discussed in this chapter. The experimental and numerical
investigations featuring SoC profiles support the following findings:

(1) No evidence of a permanent effect on the behaviour under vertical cyclic loading was
found as the soil plug was shown to be compressed through lid contact.
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(2)

(5)

The skirt embedment into underlying low permeability clay encapsulates the internal
sand plug and leads to predominately undrained behaviour in compression and ten-
sion. The relatively low tip resistance in clay balances the displacement response to
cyclic loading around a compressive average load — including significant excursions
into tension.

The displacement amplitudes relate to the cyclic loading amplitude and the net
displacement direction is governed by the average vertical stress. The model caissons
in SoC withstood maximum tensile loads that significantly exceeded the drained
capacity in numerous loading cycles without excessive net displacements.

An increased aspect ratio — i.e. skirt length — leads to an overall stiffer response
during cyclic vertical loading, as expected.

Predictions on the response to monotonic and cyclic vertical loading are feasible by
the means of numerical simulations within certain frontiers in SoC.

The experimental and numerical investigations featuring CoS profiles support the following
findings:

(1)

(2)

(4)

A permanent effect of the installation on the response under vertical cyclic loading
was not found.

The response to tensile loading is complex. Clay plug uplift and the resulting suction
pressure transferral into the underlying sand were identified to affect the extraction
resistance and response under cyclic vertical loading. As in homogeneous sand, the
resulting drainage regime crucially affects the response. Furthermore, the relatively
large tip resistance in the underlying sand limits settlements. This favours net uplift
in response to vertical cyclic loading. Consequently, sufficiently compressive average
vertical stresses or limited excursions into tension appear to be required to limit net
uplift.

An increased skirt wall thickness is accompanied by additional tip resistance. This
yields reduced settlements, while the response to tensile loading remains unaffected.
Consequently, an increased skirt wall thickness intensifies the net uplift response to
vertical cyclic loading featuring excursions into tension in clay over profiles.

Predictions on the response to monotonic and cyclic vertical loading are feasible by
the means of numerical simulations within certain limitations in CoS.

The presented series of centrifuge tests and numerical analyses demonstrates the applica-
bility of suction caisson foundations in SoC and CoS. The results also set physical and
analytical frontiers for the utilisation of suction caisson foundations for OWTs in layered
soil. However, the results are considered to encourage the utilisation of suction caisson
foundations for OW'Ts.






9 Conclusion

9.1 Sand

A total of 15 centrifuge tests and complementary numerical simulations featuring the ma-
terial point method and the finite element method were performed. The investigations
covering uniform sand profiles aim to improve the currently recommended design practice.
A potential influence of the suction installation on the in-service performance and signif-
icant excursions into tension during cyclic loading are complex processes, which are only
roughly predictable and therefore a source of uncertainty.

The presented results confirm the feasibility of the suction caisson installation in sand
featuring different effective permeabilities of the soil and pumping flow rates. The pump-
ing flow rate applied during suction caisson installation is not found to influence the soil
plug, as shown by cone tip resistance profiles obtained inside the caisson following in-
stallation. The underlying mechanisms visualised through validated numerical simulations
utilising the material point method are found to be virtually independent from the caisson
wall thickness and the diameter. Only the actual extend of the in situ deformations is
determined by the caisson dimensions. The suction installation is naturally accompanied
by plug heave and potential loosening to a certain extend. No evidence for a permanent
influence of the suction caisson installation on the in-service performance is found. The
achieved skirt penetration depth and the establishment of lid contact are identified to have
an influence on the in-service performance.

The response to vertical cyclic loading is determined by the drainage regime: The excess
pore pressures at the lid invert cycle with the applied stresses. There is no indication of
accumulative effects within the scope of the presented investigations. Undrained behaviour
at the lid invert is concluded as the total stresses transferred to the lid are entirely carried
by excess pore pressures. The magnitude of the respective vertical displacement is found to
be highly depended on the in situ effective soil permeability and therefore on the drainage
regime.

The caisson foundation mobilised resistance beyond the drained frictional capacity without
permanent displacement when subjected to tensile loads during cyclic loading. Predomi-
nately elastic response is observed, if the drained frictional capacity is exceeded up to a
maximum of 2.5 times. Based on the presented results, substantial permanent net heave,
which is expected to be critical for the serviceability of an OWT, occurs beyond this
threshold. It is noted that cavitation and liquefaction within the soil plug are found to be
involved at these extreme loading scenarios.
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The presented findings underpin that suction caissons are suitable to support offshore wind
turbines. Potential consequences for the in-service performance only arise from incomplete
skirt penetration. Plug heave and loosening have no significant effect on the in-service
performance — especially if lid contact is established. A potentially existing gap between
the soil plug and the lid invert can be grouted in prototype applications. Hence, the re-
quirement of lid contact can be satisfied. A skirt penetration of more than 0.9L is expected
to be feasible for a L/D = 0.5 caisson based on the presented results. Consequently, lid
contact and an embedded skirt length of 0.9L are recommended to be taken into account
for predictions on the in-service performance. The response to vertical cyclic loading can
be predicted with analytical and numerical methods. The presented methods cover excur-
sions into tension during cyclic loading of at least 2.5 times the drained frictional capacity.
Based on the presented results, it is concluded that tensile loads exceeding the drained
frictional capacity can be considered for the suction caisson design in uniform sand.

9.2 Layered soil

9.2.1 Sand over clay

A total of eight centrifuge tests and complementary numerical simulations featuring the
material point method and the finite element method were performed. The investigations
covering sand over clay soil profiles aim to develop improved recommendations for the
suction caisson design. The influence of the sand top layer on the suction installation and
the in-service performance of the caisson when subjected to cyclic loading featuring com-
pression and tension are sources of uncertainty.

The presented investigations confirm that the suction installation in sand over clay is un-
problematic. It is feasible to apply different pumping flow rates, while in most cases only
moderate suction pressure is required — even in stiff, overconsolidated clay. No evidence of
a permanent effect of the suction installation on the in-service performance is found. Com-
plete skirt penetration is sufficiently reached and lid contact including plug re-compression
is confirmed through the presented results. Sand drag down into the underlying clay is ob-
served, albeit no high permeable flow channels form — especially not if thin-walled caisson
skirts (¢/L < 160) are considered. Consequently, no evidence of a permanent effect on the
displacement behaviour under vertical cyclic loading is expected in sand over clay.

Undrained response is found to determine the caisson in-service performance when sub-
jected to vertical cyclic loading. The relatively low tip resistance in clay balances the
displacement response around a compressive average load — including significant excur-
sions into tension. The model caissons utilised in the centrifuge tests in sand over clay
withstood maximum tensile loads that significantly exceeded the drained capacity in nu-
merous loading cycles without excessive net displacements.

Based on the discussed findings, it is concluded that the suction caisson installation is
feasible and predictable in sand over clay. No evidence for potential consequences for the



9.2 Layered soil 173

in-service performance is found. Therefore, the installation process is found to be negligi-
ble for predictions on the in-service performance — especially if lid contact is established.
Predictions on the in-service performance of suction caissons embedded in sand over clay
require numerical methods. However, these are limited when cyclic loading and substan-
tially overconsolidated clays are involved. The numerical investigations demonstrate that
accessible constitutive models for clay usually do not cover repetitive loading sufficiently
and others focus on normally consolidated clay. It is concluded that further research on
suitable constitutive models is required in order to improve design methods for cyclic
vertical loading. This demand is motivated by the presented experimental investigations.
The results show a reasonable potential for suction caissons servicing as foundations for
offshore wind turbines, because of the balanced displacement response to vertical cyclic
loading. Furthermore, an increased caisson aspect ratio — i.e. skirt length — leads to an
overall stiffer response without significantly compromising the balanced foundation stiff-
ness, which is certainly beneficial for the design process.

9.2.2 Clay over sand

A total of eight centrifuge tests and complementary numerical simulations featuring the
material point method and the finite element method were performed. The presented in-
vestigations aim to prove the feasibility of the installation of suction caisson foundations
in clay over sand profiles. The clay top layer was expected to play a major role in the
suction installation mechanisms. Furthermore, the influence on the in-service performance
of the caisson when subjected to significant tensile loading is a major source of uncertainty.

The experimental and numerical results demonstrate that the suction caisson installation
in clay over sand is indeed feasible. The clay plug uplift transfers suction pressure into
the underlying sand. The induced seepage flow reduces the tip resistance and thus enables
further penetration. A permanent effect of the installation on the response under vertical
cyclic loading is not found as lid touch down is reliably established. A permanent effect
on the in-service performance is therefore not expected.

The response to vertical loading, particularly in tension, is complex: Clay plug uplift and
the resulting suction pressure transferral into the underlying sand is identified to have
a major effect on the uplift resistance to monotonic and cyclic vertical loading. As it is
the case in homogeneous sand profiles, the resulting drainage regime crucially affects the
response. Furthermore, the relatively large tip resistance in the underlying sand limits
settlements. This favours net uplift in response to vertical cyclic loading. Consequently,
sufficiently compressive average vertical stresses or limited excursions into tension appear
to be required to limit net uplift response.

Based on the discussed findings it is concluded that the suction caisson installation is
feasible in clay over sand. No evidence for potential consequences for the in-service per-
formance is found. Hence, the suction installation is found to be negligible for predictions
on the in-service performance — especially if lid contact is established. Predictions on the
in-service performance of suction caisson embedded in clay over sand require numerical



174 9 Conclusion

models. The available methods capture essential mechanisms, like undrained response of
the clay top layer and pore pressure transferral into the underlying sand. Hence, predic-
tions of the suction caisson response when subjected with vertical loading are possible
within the limitations pointed out through the experiments: A sufficient average vertical
load is required to allow moderate excursions into tension. Under consideration of the pre-
sented experimental and numerical results it is concluded that tensile loads exceeding the
drained frictional capacity can be taken into account for the suction caisson foundation
design in clay over sand profiles.

9.3 Concluding remarks

The suction caisson installation is feasible in every investigated soil condition: sand, sand
over clay, and clay over sand. The risk of premature refusal or severe plug heave and loosen-
ing is considered to be marginal based on numerous L/D = 0.5 model caisson installations
in centrifuge tests. However, the substantial tip resistance in dense sand compromises the
installation of caissons with aspect ratios L/D > 0.5. Advanced installation techniques,
involving cyclic pumping for instance, are expected to be improved through future research
activities in order to enable the installation of a higher aspect ratio caisson in dense sand
and clay over dense sand.

Cyclic loading into tension is possible to an extend that exceeds the drained frictional
capacity of a caisson embedded in uniform sand. Physical evidence is gathered and ad-
vanced numerical methods can provide sufficient predictions for vertical cyclic loading:
The internal suction pressure developing in response to tensile loading reliably provides
uplift resistance. The serviceability is expected not to be compromised, if the generated
suction pressures fall sufficiently below the cavitation and liquefaction limit. Based on the
presented data, it is recommended to consider the development of internal suction pressure
in the suction caisson design.

The presented centrifuge test results show that cyclic loading featuring significant tensile
loads can be withstood by a caisson embedded in sand over clay without severe damage.
The underlying load transfer mechanisms are similar to caissons embedded in uniform
clay as undrained response is presented. Estimating the limiting load bearing capacities
is therefore unproblematic. However, predictions on the in-service performance featuring
cyclic loading effects are complicated: Numerical methods utilising advanced constitutive
models are required. Constitutive models covering cyclic loading effects in normally and
overconsolidated clay are rare, currently under development, or confidential and therefore
hardly accessible. However, if improved constitutive models become available in the future,
they are expected to improve the currently recommended design practice.

A caisson embedded in a clay over sand soil profile can be subjected to cyclic loading into
tension to an extend that exceeds the drained frictional capacity. Physical evidence is gath-
ered and advanced numerical methods can provide sufficient predictions for vertical cyclic
loading: The internal suction pressure is indeed transferred into the underlying sand and
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therefore provides uplift resistance. The serviceability is expected not to be compromised,
if the generated suction pressures fall sufficiently below the cavitation and liquefaction
limit and flow channels do not occur. Based on the presented data, it is recommended to
consider the development of internal suction pressure in the suction caisson design.

It is summarised that this thesis provides a novel experimental database and guidelines
for improvements on the design of suction caisson foundations subjected to vertical cyclic
loading featuring excursions into tension. It is desired that the presented results will help
to improve the existing recommended practice and develop future guidelines for the suction
caisson design for offshore wind turbines.






10 Summary

The growing number of offshore wind farm developments implies an increased demand for
offshore foundation systems. Suction caissons, which support some of the largest offshore
platforms ever build for the oil and gas industry (Hansteen et al., 2003), are also suitable
foundation systems for most bottom fixed offshore wind turbines located at North Sea
developments (Tjelta, 2015). The technology transfer from caissons supporting heavy oil
and gas platforms towards caisson based offshore wind turbines, which are substantially
lighter, began almost two decades ago (Byrne et al., 2002; Ibsen et al., 2005) and is not
completed yet.

Uncertainties regarding the suction installation and the response to vertical cyclic loading
featuring small average loads still exist. A possible effect of the suction caisson installation
on the in-service performance cannot be ruled out to date. The consideration of devel-
oping internal suction pressure during rapid vertical loading in the foundation design is
questionable to date. Furthermore, suitable prediction methods for the response of suction
caissons subjected to vertical cyclic loading including excursions into tension are limited.

Considering layered soil profiles — sand over clay and clay over sand — and therefore the
influence of low permeable layers on the suction installation and caisson in-service perfor-
mance adds further complexity. Publications featuring caissons embedded in layered soils
are limited compared to investigations on uniform clay or sand profiles. An experimental
basis featuring tests on the suction caisson response to vertical cyclic loading has not been
published to the author’s knowledge. Suitable predictions of the in-service performance of
a caisson subjected to vertical cyclic loading including excursions into tension are hardly
feasible today. However, significant excursions into tension are arguably targeted for future
geotechnical design.

Two series of centrifuge tests featuring sand and layered soil profiles were conducted. The
first series focusing on uniform sand includes installation tests, cone penetration tests in-
side a previously installed caisson, and vertical cyclic loading tests. Next, the experimental
studies were extended towards sand over clay and clay over sand profiles. Full-model instal-
lation and cyclic loading tests were complemented by half-model tests employing particle
image velocimetry post analyses. The suction caisson installation was further investigated
through numerical calculations. In order to do so, an axisymmetric, coupled two-phase
material point method model has been implemented and utilised for investigations on the
suction caisson installation. Potential prediction methods for the vertical cyclic load bear-
ing behaviour including analytical and numerical analyses were developed and enhanced,
respectively. The novel prediction methods were benchmarked and validated under con-
sideration of the experimental data.
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The suction caisson installation is found to be feasible in uniform sand, in sand over clay,
and in clay over sand soil profiles. No evidence for a systematic influence of the suction
installation on the in-service performance is noticed as vertical cyclic loading was investi-
gated. The caisson internal excess pore pressures provide additional resistance in tension.
Consequently, tensile loads exceeding the frictional capacity can be sustained to a certain
extend without permanent settlement or uplift, i. e. without potentially violating service-
ability criteria. Significant excursions into tension — more than three times the frictional
capacity — yield net uplift during cyclic loading, if the skirt tip is embedded in sand. A
low permeable (clay) top layer increases the resulting displacement amplitudes. Softer tip
response, i.e. a skirt tip that is embedded in clay, appears to be beneficial as settlements
and uplift are more balanced. A shift of the average vertical load into compression also bal-
ances the vertical displacements. An increased caisson aspect ratio, which provides more
skirt friction, decreases the vertical displacement amplitude in general.

Numerical simulations involving suction caissons are arguably appealing as experimental
investigations require a state of the art centrifuge lab. However, they are highly complex:
Advanced soil-structure iteration, large deformations, pore pressure development, lique-
faction, cavitation, void ratio, and permeability change cyclic loading effects, as well as
uniform and layered soil profiles can play a role. The developed analytical and numerical
models and the presented analyses results provide basic guidelines for computational based
suction caisson design. The presented work’s goal is to reinforce confidence in the suction
caisson technology for offshore wind turbines. Hence, this work aims to unlock the full
potential of carbon neutral and more sustainable energy supply from offshore wind farms.
Therefore, this thesis is dedicated to contributing to the fight against the climate change.
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Appendix A Notation

The following list includes symbols that will be used in this document.
Abbreviations

BC  Boundary condition

CoS Clay over sand

CPT Cone penetration test

CYC Cyeclic loading test

DC  Displacement controlled

DIC Digital image correlation

F,f Fast pumping flow rate

FEM Finite element method

H High effective permeability
INST Installation test

ISA  Intergranular strain anisotropy
J Jacked installation

L Low effective permeability

LC  Load case

LDT Linear displacement transducer
LHS Left hand side

LSQ Load sequence

M Moderate pumping flow rate
MCM Mohr-Coulomb constitutive model
MP  Material point

MPM Material point method
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MS  Medium slow pumping flow rate

OWT Offshore wind turbine

PFLR Pumping flow rate

PIV  Particle image velocimetry

PPT Pore pressure transducer

RHS Right hand side

S, s Slow pumping flow rate

SF  Super fast pumping flow rate

SI Suction installation

SL  Static loading

SoC  Sand over clay

SWP Self-weight penetration

TPT Total pressure transducer

TRE Tresca constitutive model

TUHH Hamburg University of Technology

UL  Static un-loading

UWA The University of Western Australia
VHP Visco-hypoplastic constitutive model
Greek symbols

o Adhesion factor

« Dilatancy exponent

16 Pyknotropy exponent

Bro  Intergranular strain hardening exponent
Brmaz Maximum intergranular strain hardening parameter
Br  Intergranular strain hardening parameter
By Shape of rendulic surface

X0 Minimum value of intergranular strain exponent
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Xma:t

Yw

Vi

Ps

Ps

Pu

Maximum value of intergranular strain exponent
Differential of a related variable
Interface friction angle
Dynamic viscosity

Shear strain

Specific weight of water
Allowable elastic slip
Intrinsic permeability
Swelling index

Compression index

Interface frictional coefficient
Degree of consolidation
Poisson’s ratio

Integration weight

Dilation angle

Density

Grain density, solid density
Density solid

Density Water

Stresses

Dimensionless time factor
Shear stress limit

Strains

Friction angle

Peak friction angle

Critical friction angle

Location within an element
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chi

Stiffens degradation exponent

Roman symbols

z

B
A

Q

Cq

Cy

€0
€maz
Emin
E;
F

f
fint
f trac

Fti0y Dimensionless flow factor

Penetration rate

Matrix of shape functions

Area
Amplitude
Pressure factor

Courant number

Dimensionless coefficient

Effective cohesion

Accumulation rate factor

Coefficient of consolidation

Cyclic mobility factor
Diameter

Soil layer thickness
Relative density
Reference creep rate
Young’s modulus
Initial void ratio
Maximum void ratio
Minimum void ratio
Stiffness modulus
Force

Frequency

Internal forces

Traction forces
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F;,, Fo: Internal and external frictional resistance

np

Ne

Gravity acceleration

Height

Hydraulic gradient

Leinenkugel’s index of viscosity

Lateral pressure coefficient

Ratio of internal and external permeability
Effective permeability

Internal and external effective permeability
Bulk modulus water

Length, Skirt Length

Stiffness factor (180°)

Stiffness factor (90 °)

Scaling factor

Porosity

Barotropy exponent

Bearing capacity cohesion factor

Ni, Npp, N Shape functions

Nq
OCR

Su

Bearing capacity depth factor
Over consolidation ratio
Pumping flow rate

Cone tip resistance
Intergranular strain yield surface
Resistance

Radius

Suction pressure

Undrained shear strength
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T Time
t Wall thickness
u Displacement

Vv Vertical load

v Velocity

z Vertical displacement with reference the soil surface
Subsets

40 L = 40 mm model caisson

80 L = 80 mm model caisson

Vya  Undrained Poisson’s ratio
cav  Cavitation

cpt Cone penetrometer

el Element

h Horizontal component

1,7  Universal counters

m Inside, internal

m Model

max Maximum

man  Minimum

mp  Material point

n Element node

out  Outside, external

P Prototype

pump syringe pump

r,y, Cylindrical coordinate system axis
S Skirt

t Skirt tip
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ud Undrained

ul Unloading

v Vertical component
w Water

x,1y, z Cartesian coordinate system axis






Appendix B Experimental arrangement

B.1 Centrifuge tests featuring CPTs inside the caisson in
sand

Figure B.1: The Acutronic Model 661 centrifuge at the National Geotechnical Centrifuge
Facility (NGCF) in Perth, Western Australia.
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Figure B.2: Centrifuge test set-up for CPTs through the lid mounted on the the strong
box (a) and dismounted after a centrifuge test (b).

Figure B.3: Overview of the utilised equipment for the centrifuge tests.
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Figure B.4: Model caissons for CPT through the lid with a diameter of D = 80 mm and a
skirt length of L = 40mm (a) and L = 80mm (b).

Figure B.5: Bottom view of the L = 40 mm (left hand side) and L = 80mm (right hand
side) model caisson for CPTs through the lid.
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(a) (b)
Figure B.6: Three way valve (a) and bold plug (b).

(b)
Figure B.7: Guide rod for the L = 40mm (a) and the L = 80mm (b) model caisson.
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Figure B.8: Syringe pump mounted at the backside of the strong box.

Figure B.9: Miniature cone penetrometer with diameters of D,,; = 6.3 mm (left hand side)
and D, = 10mm (right hand side).
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B.2 Centrifuge tests featuring cyclic loading test in sand

Figure B.10: Centrifuge test set-up for cyclic loading tests mounted on the the strong box
(a) and dismounted after a centrifuge test (b).

Figure B.11: Model caissons for cyclic loading test with a diameter of D = 80mm and a
skirt length of L = 40mm (a) and L = 80mm (b).
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B.3 Centrifuge tests featuring PIV post-analyses in
layered soil

o IR IRRI

'E_

.
.
Lt

.
.

Figure B.13: Centrifuge test set-up for PIV post analyses mounted on the the strong box
(a) and camera perspective after testing (b).
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()

Figure B.14: Front (a), side (b), and bottom view (c) of the D = 80mm and D = 40 mm
half-model suction caisson equipped with a combined foam and rubber seal
(d) that was damaged during the centrifuge test.
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B.4 Centrifuge tests featuring cyclic loading test in
layered soil

Figure B.15: Centrifuge test set-up for cyclic loading (a) and syringe pump turned upside
down and mounted on the the strong box (b) between tow tests.

Figure B.16: Half-model caissons (left hand side), L = 40 mm full-model caissons (middle),
and L = 80 mm full-model caisson (right hand side).



206 Appendix B Experimental arrangement

() (b)

Figure B.17: Bottom view of model caissons with ¢ = 2mm (left hand side) and ¢ = 0.5 mm
(right hand side) (a) and top view of the modified L = 40 mm caisson (b).

()

Figure B.18: Soil surface of the sand over clay sample after centrifuge testing (a) and soil
surface after a rapid extraction test (a).
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Figure B.19: Cross-section of a drained (a) and a rapid (b) extraction site in the sand over
clay sample.

Figure B.20: Cross-section of two rapid extraction sites in the sand over clay sample.
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(b)

Figure B.21: Soil surface of a drained (a) and a rapid (b) extraction site in the clay over
sand sample.

Figure B.22: Left (a) and right (a) hand site of the soil layer boundary of the clay over
sand sample after centrifuge testing.
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